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I. INTRODUCTION 
It may be said that the transformation of electromagnetic energy 
from the sion to chemical energy is one of the most important processes 
on earth. This fascinating process, photosynthesis, is responsible for 
synthesis of organic compounds which are necessary for life as it is seen 
today» The reduction of carbon dioxide during photosynthesis is accom-
peuiied. by an oxidation of carbon to carbon dioxide, respiration. Net 
carbon dioxide exchange of autotrophic plants determines their potential 
yield. 
Increasing economic yield of soybeans (Glycine max (L,) Merrill) is 
long overdue. The average energy yield (grain) of soybeans is about half 
that of com (Zea mays L.) (92). This higher energy yield of com indi­
cates that plant systems can do better than soybeans are presently doing. 
One important factor to consider is that soybeans are relatively high in 
oil and high quality protein (90), hence, they are important to man's very 
survival with increasing populations. Perhaps economic yield can be 
increased by selecting for photosynthetically efficient varieties (20, 21, 
23, 24, 81, 92). 
Varietal variation in net photosynthesis of soybeans has been 
reported (21, 23» 24, 78, 81) o Domhoff and S bibles (23) have investi­
gated factors related to photosynthetic rates in soybeajis. Both stomatal 
resistance and mesophyll resistance to diffusion of CO2 in the leaf were 
reported different among varieties. These differences in resistances, as 
well as differences in density-thickness (leaf dry weight/leaf area), of 
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the leaves were postulAted responsible for part of the variation in net 
photosynthesis. No evidence of variation among varieties in light 
respiration was reported. Density-thickness was postulated a useful 
selection index for net photosynthesis. It was also shown that the 
development stage of the plant affected the photosynthetic rate— 
suggesting possible increased demand by the pods of the plant for photo-
synthate. 
At present it is not known why density-thickness is related posi­
tively to net photosynthetic rate, but a number of investigators (3, 20, 
23, 36, 45, 48, 66, 82, 112) have shown the relationship in several 
species. Density^ thickness has been postulated related to the C02-diffu-
sive resistances (20, 23» 48), and cellular volume per unit leaf area (20), 
In light of the above facts, the following aims of the research 
were developed: 
1, To verify varietal variation in net photosynthesis of soybean 
leaves and measure its consistency among years» 
2, To study the relationships among net photosynthesis, light 
respiration, C02-diffusion resistances, density-thickness, and 
leaf anatomy. 
3, To measure seasonal trends in net photosynthesis, Ught respira­
tion, C02-diffusion resistances, density-thickness, and leaf 
anatomy. 
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II. LITERA-TDKE REVIEW 
This literature review will be a brief survey of papers to support 
the three purposes of the experiment. The literature surveyed is 
partitioned into two sections: control of photosynthetic rate, and 
respiration, 
Aa Control of Photosynthetic Rate 
One of the purposes of earlier research (22) was to determine 
whether soybean varieties differed in net photosynthetic rate under 
normal conditions, A review of the literature pertaining to genetic 
differences in net photosynthesis was given in the thesis (22). A more 
recent and more thorough review of the subject was given by Cri swell 
(20). 
The following review is approached from a biochemical viewpoint. 
For the discussion of factors controlling photosynthetic rate, it is 
assumed that plants are in their "normal" ecological environment and 
that the following factors are at an optimum for photosynthesis: temper­
ature, soil moisture, soil nutrients, and leaf age. These latter factors 
affecting net photosynthesis in higher plants are discussed by Ne vins (75) 
and Criswell (19), The section on control of photosynthetic rate is 
divided into five subsections: supply of energy, supply of reductive 
power, supply of substrate (CO2), removal of product, and enzymatic 
control. 
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1, SupuLy of energy 
The fixation and reduction of CO2 can be summarized into three 
steps (86) I (1) carboxylation of ribulose-1, 5-diphosphate (RDP) , 
(2) reduction of the two moles of phosphoglyceric acid and condensation 
to Cg-sugars, and (3) regeneration of the acceptor molecule (ribulose-1, 
5-diphosphate). Energy is required for the process of photosynthesis. 
For convenience, the discussion of energy supply for photosynthesis is 
separated into three subjects: (a) energy required, (b) photophosphory-
lation, and (c) chloroplasts» 
a« Energy required Photosynthesis occurs in the soybean via the 
reductive pentose phosphate pathway (Calvin-Benson-Bassham cycle) (44). 
Two moles of ATP and two moles of NADPH + BT are required to reduce two 
moles of PGA (fix one mole GO2) (86) • One mole of ATP is required to pro­
duce the CO2 acceptor molecule (RDP) • Thus 3 ATP's are required per CO2 
reduced. The overall reaction is as follows: 
6 CO2 + 12 NADPH + 18 ATP"^  + 12 H2O —7. glucose + 
12 NADP^  + 18 ADP"3 + 18 HPO/^ T + 6 B+ 
The above reaction has a free enei^  change (6G*) of -I38 kcal/mole 
under the following conditions: jfi 7» 0,01 M concentrations, ,05 a1aa of 
CO2, 0,2 a to. of O2, and aqueous solution at 25°C (Metzler, David E., 
Ames, Iowa, Unpublished class notes g 1970) » This is very favorable, 
thermodynamically. Hydrolysis of ATP gives ^ G* = -11,3 kcal/mole. Hence, 
a total of 33«9 kcal/mole of CO2 reduced is required. Oxidation of 
NADPH + H*" gives AG* = -52,1 kcal/mole or a requirement for photosynthesis 
of 104b2 kcal/mole of CO2 reduced. For each mole of CO2 reduced, I38 kcal 
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of energy are raqxiiredo It is not likely that soybean varieties would 
differ in their energy requirement, unless they had different CO2 
reductive pathways, 
b. Photophosphorylation The energy required for the reduction 
of CO2 comes from ATPo ATP is produced by the phosphorylation of ADP 
via either an oxidative phosphorylation or a photophosphorylation process. 
It has generally been accepted that photosynthesis by green plants 
requires 8 quanta per CO2 molecule reduced (86), Rabinowitch and 
Govindjee (86) have stated that there is a degree of uncertainty in the 
•widely-accepted assumption that the photochemical process in photosynthe­
sis supplies both the NADPH + S*" and all the ATP needed for the Calvin 
cycle. It is fairly safe to say that photophosphorylation will supply at 
least 2 ATP per 8 quan-fca absorbed (86), Most investigators, however, 
believe "that there are two pbosphorylation sites on the electron chain 
in plants (64), These sites will provide 4 ATP in noncyclic conditions. 
It is highly provable that some cyclic photophosphorylation, which would 
yield more ATP, occurs in pi ants (64) , 
If ATP production by pho-bosynthesis is not sufficient for the 
reduction of CO2, then possibly oxidative phosphorylation fills the gap. 
It is possible -that a similar mechanism couples phosphorylation to the 
electron transport chains of respiration and photosyn"thesis (IO3), It is 
possible that soybean varieties differ in their amounts and components 
of the photosynthe tic electron "transport chains, and hence, have differ­
ential dependenqr on respiration. 
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c, Chloroplasts The energy for photosynthesis ultimately comes 
from absorption of electromagnetic radiation from the sun. For four 
species (bean, spinach, Swiss chard, and tobacco) the average absorp­
tions were* 400-500 nm, 92 per cent; 500-600 nm, 71 per cent; 600-700 cm, 
84 per cent (72) « It was shown that Ficus, compared to the four species 
above, had a higher per cent absorption in the green region; higher abr 
sorption is characteristic of thicker leaves (72)o If differences in 
leaf thickness exist among varieties of soybeans and absorption of light 
is limiting, then part of the photosynthetic differences among varieties 
might be accounted for by differential absorption of sunlight, A possible 
dependence of photosynthetic rate on pigment content of leaves (mainly 
chlorophyll a + b) has often been postulated (113) « It is not only impor­
tant to have ample light absorbing pigments, but a leaf should have the 
pigments properly oriented for energy transfer (86), 
Govindjee (42) has presented an interesting diagram of lifetimes of 
various events ranging from light absorption to cell growth: act of 
light absorption, 10--^ 5 sec; lifetime of second singlet excited state, 
10~^ 3 to 10"^  sec; lifetime of first singlet excited state—energy 
transfer, 10""9 to 10"® sec; oxidation-reduction of chlorophyll, 10"9 to 
10"^  sec; O2 evolution. 10-5 to 10-2 gee; CO2 assimilation, 10"^  to 1 sec; 
cell growth, 1 sec or longer, Kok (55) presented a paper on the rate-
limiting reactions in photosynthesis, with emphasis on cultures, 
CO2 supply was net limiting, since ample CO2 or bicarbonate was provided. 
By the use of artificial electron acceptors (dyes), Kok was able to show 
that the carbon dioxide reduction pathway was not limiting. He cites 
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evidence from pulsating experiments that the delay between light absorp­
tion A-nri appearance of O2 is in the order of milliseconds. One of the 
rate limiting steps may be in the evolution of O2, since two rate limiting 
steps have been postulated (55) and the pulsating experiments were done in 
weak light, Amon et (l) have demonstrated tight "coupling" between 
electron transport and phosphorylation of isolated chloropLasts, Kok 
(55f Po 7) states, "The fact that under some conditions the phosphory­
lating site can severely limit the rate does not necessarily imply that 
also under uncoupled or phosphorylating conditions this very same site 
still sets the pace»" Evidence is cited (55) that the phosphorylation 
site can operate very fast, and that the rate limiting step(s) are in 
photosystem U or a closely related component of the electron transport 
chain. By monitoring the fluorescence of system II pigment and bleaching 
of P7OO (pigment absorbing chiefly at 700 nm) in saturating light, the 
rate limiting step was determined as the electron transport between the 
two photosystems (55)# The rate limiting step is postulated to be between 
plastoquinone (?) and the photooxLd?,nt of system I (55), As a final 
conclusion, Kok (55) suggests the rati» limiting step(s) are the transfer 
of electrons between plastoquinone (?) and the two electron chain compo­
nents, cytochrome f and p].astocyanin«. Although the supply of CO2 seems 
limiting in intact higher plants (discussed later), this discussion of 
rate limiting reactions may apply, since supply of CO2 is probably not 
the sole limiting factor. 
Another interesting approach to control of photosynthesis (55» 86) 
is to consider the flash-yield of photosynthesis as a measure of 
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available amount of a rate-limiting enzyme. It is postulated that the 
ratio between the concentrations of chlorophyll and the rate limiting 
enzyme, in typical healthy plant cells, is about 300 to 1 (55» 86), This 
concept led to the postulation of a photosynthetic unit of 300 chlorophyll 
molecules per enzymatic center (551 86) e Rabinowitch and Govind jee 
(86, po 70) state: 
In direct sunlight, a chloropt^ ll molecule will absorb photons 
at the rate of one to ten per second, while a good enzyme can 
easily transform 1,000 to 10,000 substrate molecules each 
second; it can thus keep pace with the substrate suppily from 
several hundred chlorophyll moleculeso 
It also may be said that if more than one enzymatic reaction is slow, 
they all affect the saturation rate of the overall process, not just 
the slowest (86), 
Density of chloropLasts (number/mm^  leaf area) for several species 
are as follows: Tropaeoltua ma nus. 3o83 x 10^ ; Phaseolus multiflorus. 
2t,83 X 10^ ; Ricinus communis. 4,95 x 10^ ; and Helianthus annuus, 4,65 x 
10^  (46), Heath (46) cites a report of Ricinus communis having an 
average of 36 chloroplasts per palisade cell and 20 per spongy mesophyU 
cell. Several other reports indicate more chloroplasts in the palisade 
cells relative to the spongy mesophyll cells (31, 69, ??)• Cells also 
differ in the type of chloropLasts; some which have no well-developed 
grana (46, 71)« 
Not all cells photosynthesize with the same magnitude (31), It has 
been shown with ^ C^Og isotopic activity studies, that more assimilation 
occurs in the bundle sheath parenchyma cells of maize (71), Sugar beet 
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demonstrated general distribution of in the mesophyH cells. Moss 
(69) demonstrated that dicotyledons, when illuminated from the abaxial 
surface of the leaf, have a higher saturation illumination for net 
photosynthesis® He explained the results by assuming that the abaxial 
illumination was being absorbed more by the non-chlorophyll structures 
than in adaxial illuminationo 
In short, chloroplasts supply the entire photosynthetic apparatus. 
It would seem that under saturating illumination the photosynthetic rate 
of higher plants would be proportional to the chlorophyll concentrationo 
But Wolf (113) has found no correlation between chlorophyll (a + b) 
concentration and net photosynthesis of soybean mutants, Ei.s results must 
be questioned, however, because the dark green plants had very low rates 
of net photosynthesis. Generally, chlorophyll concentration does not 
seem related to genotypic differences in net photosynthesis (20 , 22, 46, 
107) e The main limiting factors which prevent a positive correlation 
between net photosynthesis and chlorophyll content of the leaves (per 
unit area) are as follows (91) : (a) irradiation during the growth of the 
ïxLants and (b) irradiation during measurement of photosynthesis. It would 
seem that some other factors controlling photosynthetic rate would affect 
this correlation as well. Little relationship exists between chloroplast 
diameters and photosynthetic rates of various species of higher plants 
(28). 
Gaastra (38, p, 4-1) states, "The slope of the light curves at low 
light intensities indicates the maTrimnm efficiency of light energy 
conversion," Efficiency of light energy conversion, in Gaastra"s terms. 
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is the ratio of calories of CH2O (carbohydrates) formed to calories 
incident light (400-700 nm) (39)o Gaastra (39) reports similar efficien­
cies for wheat, barley, bean, grass, and kale—12,^ , He suggests, 
therefore, that the actual capacities of the photochemical process were 
nearly the same as the optimum capacity for the process. Domhoff (22) 
showed a similar efficiency for soybeans. Lower efficiency (5^ )» 
however, has been reported for cotton at atmospheric CO^  levels (7)0 
Hesketh (4-7) reports similar efficiency for four genera: maple, oak, 
orchardgrass, and maize. Thus, it has been reported that efficiency of 
the light energy conversion process is probably not limiting ma-xiTrnm 
photosynthesis of a variety (20, 22)• 
If one accepts the photosynthetic unit hypothesis, then other 
arguments concerning rate limiting processes of photosynthesis may be 
presented» Assuming constant chlorophyll concentration of the photosyn­
thetic units, the number of photosynthetic units per unit leaf area will 
be proportional to the amount of chlorophyll per unit leaf area. If the 
photosynthetic units (quantosomes ?) contain the entire photosynthetic 
system, the photosynthetic rate per unit leaf area should be proportional 
to the chlorophyll concentration per unit leaf area. Since photosynthesis 
is generally not proportional to amount of chlorophyll, something must be 
limiting outside of the photosynthetic units (supply of CO2» growth 
regulators, etc.) or the photosynthetic units are not sufficient in 
themselves. The activity of the enzymatic system within the photosynthetic 
unit may not be proportional to the chlorophyll concentration. Another 
limitation may be that the energy transfer within the pigment molecules 
is not of the same efficiency (spatial relationship, etc.). 
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Rate of photosynthesis may be determined by a single, limiting 
factor such as, supply of reactants, temperature, or irradiance, as 
suggested by Blackman, as cited by Rabincwitoh (85) • The rate of photo­
synthesis increases in magnitude with the increase in any one of these 
factors, (F]^ ), as long as this factor is the "slowest"» The rate of 
photosynthesis ceases to be dependent on when one of the other factors 
(?£, F^ , Fj^ s.o) becomes limiting (85). On a photosynthesis versus a 
limiting factor curve, Blackman considered photosynthesis as a linear, 
ascending part with a horizontal plateau. He also stated that the rate 
of jiiotosynthesis was assumed proportional to the one factor that is 
limiting under the given conditions, and entirely independent of all the 
other factors. Bose, as cited by Rabinowitch (85), suggested that the 
effect of a certain factor, F]_, on photosynthesis, is independent of the 
prevailing values of all the other factors, F2, F^ , etc» Another type 
of kinetic curve is characterized by initial divergence from linearity, 
but final convergence into a common saturation plateau (85)0 Some 
researchers have concluded that the rate of photosynthesis may be depen­
dent on several factors at the same time; that is, that when one factor 
ceases to be limiting, the influence of another factor increases (85)0 
Romell, as quoted by Rabinowitch (85, p* 863), states "Blackman*s term 
'slowest factor* is meaningless, and that one can only speak of a slowest 
process in a sequence of processes," Rabinowitch (85, p. 863) states: 
Whenever "Blackman*s behavior" is observed in practice, it can be 
assumed that one is dealing with a series of consecutive reactions 
that includes (at least) one step of limited maximum efficiency. 
The rate of the over-all process then cannot exceed the Tnmri mnm rate 
of passage of the system through this "bottleneck". 
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From the above discussion, the following conclusion of photosyn­
thesis versus irradiance is supported o Given variety A and variety B, 
the initial slope of the photosynthesis versus irradiance curve is the 
same, but the light saturated photosynthetic rates are different. 
Varietal differences in the efficiency of light reactions probably are not 
1 imi ting at high irradiance» This does not exclude the excellent point 
raised by Kok (55) that one of the limiting reactions could be a dark 
reaction between the postulated two photosystems, Other factors in this 
outline may also contribute to the differences between A and Bo 
2. SupTxly of reductive -sower 
For photosynthesis to proceed continuously, a supply of electrons 
(reductant) must be present. This supply of electrons ultimately com.es 
from water in higher plants (85) . 
a. Reductant required As stated earlier, the Calvin-Benson-
Bassham pathway for CO2 reduction requires four electrons per CO2 molecule 
reduced (86) & The four electrons reduce two molecules of xQk to two 
molecules of triose phosphates (86)o These four electrons come from the 
photooxidation of 2 molecules of waters The abundance of water in all 
cells leads one to postulate that water itself is not limiting, but this 
does not mean that other water-involved steps, e.go, hydration of a "water 
acceptor", could not be limiting (85). Nobel prize winner Dr» Calvin 
(15, p. 4) states, "The oxygen thing, on the other hand, is really quite 
mysterious. No one has any very significant ideas as to how two oxygen 
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atoms of water get together to make 02»" As mentioned earlier, Kok (55) 
cites evidence that the evolution of Og may be a rate limiting step in 
algal photosynthesis = 
b. Mechanism of reduction of NAPF*' Chloroplasts have been shown 
to use NADF*" as a "Hill oxidant" (86) g It has been suggested that 
is reduced by reduced ferredoxin, or by the postulated photochemical 
oxidant of photo system I (86) • Another possibility is that reduced 
ferredoxin reduces the 2 moles of PGA itself (86) . At the present level 
of knowledge, there seems to be no problem of supply of reduced NADF*", 
according to the postulated mechanisms (64) o Kok (55) has shown that, 
in the mechanism for algae, the limiting reaction is elsewhere* 
3. Supply of substrate (CO2) 
The primary substrate for photosynthesis is CO2, for it is used 
directly in the carbcxylation of RDP, The atmosphere surrounding the leaf 
supplies the CO2 for photosynthesis o 
a# Atmospheric sutîtJly to the leaf There seems to be an abundance 
of evidence that net photosynthesis is a linear function cf CO2 concen­
tration up to 320 ppi (13, 26, 30» 47, 68)0 All crop plants thus far 
studied in controlled environments have responded to CO2 fertilization 
("in ) • Dry matter and seed yields from C02-f ertilized crops have been 
reported over 505^  higher than that of the same crop under normal (ca. 320 
ppra) CO2 levels (ill). Mean daily net photosynthesis must have increased 
under the COo fertilized conditions. Average daily net photosynthesis of 
three soybean communities was increased 72^ 5 by increasing the CO2 
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concentration from 300 to 600 ppm (26) o Egli et al a (26, p. 414) also 
state, "Under the conditions encountered in this study, apparently both 
the supply of CO2 to the reaction site in the leaf and the radiant 
energy available to fix CO2 were limiting AP ^ apparent or net photosyn­
thesis]." An earlier study (l8) with two soybean varieties under high 
CO2 showed a marked increase in plant growth from CO2 fertilization 
compared to the controls Cooper and Brun (18) also report a 40 to 575^  
increase in seed yield from CO2 fertilization, which was primarily a 
result of higher number of pods per plant. 
b. Transfer of CO2 in the leaf From the above discussion, it 
seems obvious that CO2 is one of the limiting steps in photosynthesis o 
CO2 mast be transported to the site of fixation from the atmosphere 
immediately surrounding the leaf. The CO2 molecules first encounter 
external air resistance, r^ ,^ to CO2 transport (38, 93). Epidermal layer 
resistance, which consists of stomatal, r^ , and cuticular resistares in 
parallel, is next encountered (38). The final resistance to CO2 transport 
is termed mesophyll cell resistance, r^  ^(38). The stomatal resistance 
term, rg, by virtue of method of determination, usually consists also of 
cuticular resistance and resistance to diffusion of GC2 through the inter­
cellular spaces within the leaf (22). Other more complicated models of a 
leaf have included various "sources" and "sinks" for CO^  (29, 63, 70, 101). 
COg molecules probably encounter both gaseous and aqueous phases of 
transport. The resistance to CO2 diffusion in water is 10^  times the 
resistance to CO2 in air (46) o Diffusibility of a substance in a certain 
medium can be expressed by diffusion coefficients, kick's Law uses the 
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diffusion coefficient as its proportionality constant to adjust for 
diffusibility in different media. Rate of transfer via Pick's Law is 
proportional to cross-sectional area of the path and the partial pressure 
gradient and inversely proporlional to path length. By using an analogy 
to Ohm's Law, one can substitute partial pressure gradient for potential 
and rate of diffusion from Pick's Law for current (46, 38). It is 
convenient to express resistance to CO2 diffusion by the length of a 
tube of uniform unit cross-sectional area (46)—hence, units of sec*cm~^  
(38), 
With the aid of Pick's Law and Ohm's Law, the resistance to diffusion 
of CO2 has been calculated for photosynthesizing leaves (46, 38). Heath 
(46) has calcul a ted various resistances by anatomical and experimental 
data. Various evaporation studies have been used to estimate rg^ (20, 22, 
38, 46), Heath (46) cites work with evaporation from a circular disc in 
a wind tunnel to empirically derive a resistance equation. Equations 
derived from water loss from a wet blotter, under similar conditions as 
the leaf, have also been used (20, 22, 38, 46, 75) <> With the aid of wet 
blotters and multiple regression, CrisTfrell (20) has developed an equation 
for prediction of r^  ^in oats, ^jith. area of leaf and air temperature as the 
parameters, Impens (49) indicates that since is small compared to 
+ r^  for H2O diffusion, r^  can be evaluated sufficiently from windspeed 
and heat transfer theory and data, 
Stomatal resistance to CO2 diffusion, rg, has been measured by a 
number of methods. Heath (46) presents equations for the estimation of rg 
by the measurement of stoma ta size and number per unit leaf area. A 
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coranonly used method for estimation of r^  is by measurement of leaf 
transpiration rate (and leaf temperature and humidity), subtracting r^  
as estimated by evaporation from a similar wet blotter (38) o This method 
also uses the Ohm's Law analogy. This method raises the question of 
estimating internal H^ O vapor concentration within the leaf (38, 93i 
100)o The H2O vapor pressure at the internal evaporating surfaces has 
generally been assumed to be saturation HpO vapor pressure at leaf 
temperatureu Slatyer (93) estimates that if leaf water potential reaches 
-50 bars, relative humidity within the leaf would still be 96^ ; hence, 
this gives an error of not greater than djb in the partial pressure 
gradient used in calculation of r^ u The concentration of solutes at the 
internal evaporating surfaces may lower the vapor pressure as well (93) » 
Sites of evaporation within the leaf also may influence the interpretation 
of rg for CO2 transport. Slatyer (93) suggests two main sites of 
evaporation: (a) outer epidermal walls, and (b) walls of the exposed 
mesophyll cells. Since resistance to CO2 transport is computed from H2O 
transport by a ratio of their diffusion coefficients, the source of H2O 
evaporation should be the same as the CO2 absorbing surface. Heath (46) 
mentioned that many dicotyledonous leaves have few chloroplasts in the 
ordinary epidermal cells; hence, evaporation from epidermal cells may lead 
to some error in rg for CO2 conductance. 
It is not known for certain exactly where the liquid-air interface is 
in the epidermis of a leaf (93)• Slatyer (93) cites experimental evidence 
that cuticular transpiration increases severalfold after cuticle removal. 
It is, however, generally accepted that cuticular resistance (usually a 
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component of Tg and parallel to stomatal resistance) is very high (22, 
93). The subject of liquid-air interface and cell wall permeability 
•will be discussed later. 
In general, stomatal resistance to CO2 diffusion partially controls 
photosynthesis. Species with few stomata on the adaxial surface appear 
to have higher r^  (28, 62), Differences in rg within a species have been 
reported (20, 23* 48) ; r^  xias negatively correlated to net pùio to synthe­
sis, However, there was no relationship between stoma ta anatomy and net 
photosynthesis of Lolium perenne L. leaves (IO9), 
Mesophyll resistance, r^ ,^ to COg transport is primarily measured by 
the method of Gaastra (38), This method involves the simultaneous 
measurement of photosynthesis and transpiration. Total leaf resistance to 
CO2 is measured by assuming a certain concentration of CO2 at the site 
of carboxylation and measuring atmospheric CO2 level. This enables one 
to arrive at a CO2 potential gradient, and hence, use the laws of Fick 
and Ohm, The difficult problem with this method is knowing what value to 
use for the internal CO2 concentration (22, 114) 0 Some researchers have 
used aero-C02 and some have used the leaf CO2 compensation concentration 
as the internal CC^  concentration (10, 20, 22, 38, 75). 
Mesophyll resistance always seems to be negatively correlated to net 
photosynthesis. An attempt has been made to separate the chemical and 
physical resistances of r^  (l?). Physical mesophyll resistance (r^ ) varied 
from 4,5 to 9«1 sec'cm"^  and chemical resistance (r^ ) from 1.0 to 0,6 
sec'cnT^  (17) » If the assumptions inherent in this partitioning are 
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correct, the physical resistance is much larger than the chemical 
resistance to carbozylation* Brown (lO) presents some evidence that 
part of r^  may be chemical resistanceo In general, r^  is larger in 
magnitude than rg (28)« 
Gaseous phase diffusion has been briefly discussed above « COg 
transport is believed to be primarily by molecular diffusion in the 
and r^  components (46) » A small amount of thermal turbulence is possible 
•within the leaf, but is probably not significant (46) o Mesophyll 
resistance is believed to consist partially of aqueous phase transporte 
As mentioned earlier, aqueous phase diffusion is believed to be much 
slowero Protoplasmic streaming may aid in the transport of CO2 in the 
aqueous phase (46). It is thought that the water-air interface is at 
the surface of the mesophyll cells and within the epidermal cell walls 
(93)» CO2 in water apparently gives the following species; CO2, HCO^ ", 
Ht, OH"", and CO^ " (85). It was indicated in a recent review (20) that 
the formation of HCO^ ~ is catalyzed by carbonic anhydrase There is 
evidence that this enzyme is present in higher plants and that it is 
adaptive to low COg concentrations o However, the substrate for ribulose-
1, ^-diphosphate carboxylase is reported to be CO2 and not ECO^ " in the 
spinach leaf (84), Preiss and Kosuge (84, p, 435) state, "Whether 
carbonic anhydrase would play a role in CO2 fixation in chloroplasts at 
present is unknown," Since CO2 is present as CO2 and as HCO^ " in water, 
they both must be considered in diffusion» The relative concentration of 
CO2 and HCO^  species is also p3 dependent. 
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The resistance of the mesophyll cell walls is an intriguing problem. 
Both COg and HCO^  traiisport must be considered. The question of active 
transport of CO2 and HCO^  must be considered as well. Apparently the 
cell wall (of leaf) is not the main permeability barrier to solute move­
ment (77)» Differential permeability is probably regulated by the plasma, 
membrane (plasmalemraa), The lack of selectivity of the cell wall is 
probably a result of large crevices (interstices) (77)• Cell walls 
consist primarily of cellulose. Other significant components are: 
lignin, pectin, and other noncellulosic polysaccarides, protein, bound 
and free S^ O, Ca salts of pectic acids, other cations, and silicates (77)« 
Cellulose microfibrils are interwoven in the primary cell wall and 
parallel in the secondary wall (77)» The crevices (77) in the wall 
o 
between the fibers are usually several hundred A across, Lignins tend to 
be hydrophobic; hence, they repel water from the cell walls (77)o Heini-
celluloses and pectin are negatively charged, and therefore, hinder the 
entry of anions into the plant cells (77)• From size and charge, one 
would expect CO2 molecules to be more readily transported through the cell 
wall than the anion HCO^ ~, 
As a result of the large interstices in the cell wall, the move­
ment of molecules may be largely in the aqueous phase. The diffusion 
coefficients across the cell wall are l/lO to l/lOO that of diffusion 
in water (77)« Pits occur in cells, but they usually occur in pairs 
between adjacent cells (3I, 77)« These pits would greatly reduce the 
resistance to molecular diffusion between cells. 
20 
Diffusion -within the chloroplast is probably more rapid than 
through the plasma membrane or the chloroplast membrane (77 ) o Water and 
CO2 diffuse rapidly across the plasmalemma compared to ATP and other 
metabolites (77) • It is postulated that the human red blood cell 
membrane contains pores of approximately 7-8 A in diameter (9^ 0 « Evi­
dence also was cited that the selectivity of the membrane for ions may be 
also a result of ionic charges. The structure of membranes may be the 
secret to their selectivity. Korn (56) concludes that membrane struc­
tures are not known but there are several good models# Kom (56, p. 273) 
states: 
It is entirely consistent with all available data that different 
membranes may have different structures, that different portions 
of the same menibrane may have different structures, or that the 
same section of membrane may exist in different states at differ­
ent times. 
With the aid of experiments using polarized light, low angle x-ray 
diffraction, and electron microscope, Weier and Benson (105» 106) 
postulate the subioiit model in chloroplast membranes » Whatever the 
model is, it consists chiefly of lipid (phospholipids) and protein. The 
protein-protein, lipid-lipid, and protein-lipid interactions are no 
doubt involved in the continuity of the membrane and, hence, the pore 
sizes through the membranes. Charges lining the pores are also only 
speculative, but are a possible selectivity mechanism. As mentioned 
before, the charges near the pore will affect the diffusion or transport 
of HCO^ " through the membrane. The transport of HCO^ ~ and CO2 may be 
aided by active transport through the plasmalemma and the chloroplast 
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membranes (96). Therefore, part of the GO2 or HCO^  transport may be 
regulated by metabolic controls (discussed later). 
Nobel (77, p. 19) states that "The rate-limiting step for movement 
of many molecules into and out of plant cells is diffusion through the 
plasmalemma," As mentioned before, the partial pressure gradient 
determines the rate of transfer of an uncharged molecule. This is also 
partially true for a charged molecule—active transport or not. The 
transport of a charged molecule is dependent also on the electrochemical 
potential gradient (88)« 
In sumrary, it appears that the physical resistances to COg transfer 
within the leaf may affect the photosynthetic rate under field levels of 
CO2. These differences in resistances to diffusion of CO^  may account 
for part of the variation in varietal rates of net photosynthesis « 
c. Anatomy in relation to CO2 supply Two recent reviews (20, 
22) have been written on this topic, A major portion of the research 
for this dissertation was done on this aspect of soybean photosynthesis. 
Specific findings with soybeans reported in the literature will be given 
later in relation to the research herein. As stated by Cri swell (20) , 
net photosynthetic rates within species are often positively correlated 
with either leaf thickness, leaf dry weight per unit area, or leaf fresh 
weight per unit area. This generalization is usually the finding, but 
not always (20), 
Leaf density-thickness (leaf weight/unit area) has been shown 
correlated to net photosynthesis in many species (3i 20 , 23, 36, 4^ , 48, 
66, 82, 112). Net photosynthesis of sun and shade leaves of Acer trees 
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was positively correlated to thickness of leaf mesophyll (83) « The net 
photosynthetic rate of Lolium genotypes was highest when the leaves 
were smaller (area) and thinner than less efficient leaves (10$)« 
Photosynthesis of Loliuro genotypes also seems to be negatively related 
to thickness of leaves and the size of the individual cells within the 
leaves (108), El-Sharkawy and Hesketh (28) found leaf thickness of 
several species negatively correlated to net photosynthesis, A high 
dry weight per unit area has been postulated to be related to more 
internal cell surfaces per unit leaf area or a higher surface to volume 
ratio of cells (23). A higher surface area would obviously increase the 
CO2 absorption surface, and hence, might be related to CO2 supply to the 
chloropLastSo The above correlations also could mean that more surface 
area is related to chloroplasts being oriented toward the cell walls. 
Relationship between net pho to s^ mthe sis and cellular size within the 
leaves has been studied for several specieso Lolium genotypes exhibited 
a negative correlation between net photosynthesis and mesophyll cell size 
(107, 108, 109, 110), Diameter of palisade mesophyll cells were negative­
ly related to not photosynthesis among several species (28), Net photo­
synthesis of five tree species was highly correlated liith volume of cells 
in the mesophyll per unit leaf area (65), Percent volume of airspace 
within the leaves of several species was not related to net photosynthesis 
(28). 
The relative amount of internal exposed surface area of the leaves 
has been examined in relation to net photosynthesis» Ratio of internal 
exposed surface area to external leaf area of several species of crop 
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plants was not related to net photosynthesis (28). In the same study, 
the ratio of internal exposed cell surface to cell volume tvas positively 
related to net photosynthesis. However, Loach (65) found that ratio 
of internal exposed cell surface to cell volume was not correlated to 
photosynthesis in five tree species. He concluded that biochemical 
factors rather than physical diffusion resistances limited net photosyn­
thesis , 
Differences in resistance to CO2 diffusion could be a result of 
variation in number and size of stomatal pores (46). The frequency of 
stomata may vary from 2 x 10^  to 6,6 x 10^  per cm2 leaf area (46), 
Dimensions of the elliptical stoma ta may vary from 5 to 40 p. for the 
long axis and 2 to 10 p. for the short axis (46), Heath (46) comments that 
stomata widths of 10 p. are seldom observed. 
The issue of CO2 limitation is "clouded" by the very fact that the 
concentration of CO2 affects at least two processes: (a) diffusion of 
COg from the atmosphere to the reaction site, and (2) the carbo3cylation 
of the CO2 acceptor in the CO2 reductive pathway (85), Rabinowitch (85) 
suggests three reasons for predicting CO^  concentration as having an 
influence on the rate of photosynthesis; (a) partial pressure gradient 
of CO2, (b) dissociation, under low partial pressure of CO2, of the CO2-
acceptor compound, and (c) the dependence of the rate of formation of this 
compound on the CO2 concentration (carbozylation), Gaastra (38, p. 62) 
states, "Under light saturation and at normal C02-concentrations, the rate 
of diffusion determines the rate of photosynthesis, *,»" His emphasis 
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on CO2 diffusion resistances as limiting have been criticized by many 
(50, 97» 104, 114), primarily because factors other than CO2 are 
possibly and probably limiting « 
4, Removal of product 
There are two main products of photosynthesis—hexose-6-phosphates 
and O2. It is postulated that accumulation of these products may inhibit 
photosynthesis by a variety of possible mechanisms. The best way to 
approach this problem is by first discussing the method of product 
removal, O2 is probably removed by molecular diffusion to the atmosphere; 
hence, it is affected by similar resistances as CO2 diffusion. Some 
evidence with soybeans indicates that there is considerable intercellular 
resistance to O2 diffusion (73)» 
Glucose-6-phosphate (G-6-P) from photosynthesis probably is diffused 
or is transported from the chloroplasts to the site of glycolysis or 
pentose ^ osphate pathway metabolism in respiration. The remainder of 
ths G-6-P will be translocated out of the cello According to Richardson 
(87), most of the sugars are translocated as sucroseo G-6-P must, there­
fore, be converted to sucrose and other translocatable substances. 
Therefore, the synthesis of sucrose may limit photosynthesis » A modified-
Munch system for translocation seems to be the only mechanism that is 
workable—with the present state of knowledge (6) o Additional energy for 
the system to work may come from an active mechanism in transport (6), 
Translocation has been shown to depend on the metabolism of the living 
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cells (88), In essence, then, the removal of 6—6-P from the carbon 
reduction cycle will depend on the general metabolic state of the leaf 
cells. 
The literature provides researchers with a number of possible 
mechanisms for the depression of photosynthesis by its assimilate. 
Neales and IncoU (7^ ) cite some possible mechanisms suggested by Wilson* 
(a) increasing the rate of respiration, (b) reducing the number of Ught 
quanta reaching the chloroplast, (c) reducing the rate of the chloroplasts 
reactions in which IIADEH2 and ATP are produced and CO2 is elaborated into 
organic compounds, and (d) reducing the CO2 concentration at the chloro-
plasto Beevers (4) cites several other possible mechanisms: (a) mass 
action, (b) distortion of the chloroplast by starch grains, and (c) 
increased sugar concentration inhibiting phloem loading. As the reader 
can now observe, there are many ideas about the subject, but no consis­
tent accepted mechanism. 
There has been a multitude of experiments designed to prove or 
disprove the hypothesis of "sink" regulation of photosynthetic rate. In 
general, most reviews of the subject conclude that there is probably some 
sink regulation of photosynthetic rate (4, 20, 43, 74), 
5. Enzymatic control 
With the rapid advance of research on biochemical control mechanisms 
of various pathways, it is felt that a brief treatment of the subject is 
in order. The supply of energy or the ratio ATP/ADP has already been 
discussed. The ratio of NADPH2/NADP also has been presented briefly0 
26 
Product inhibition via mass action has been presented in the previous 
section of this literature review. Some other aspects of biochemical 
control covered in relation to photosynthesis are as follows: enzyme 
activities, supply of cofactors, aliosteric inhibition and activation, 
feedback inhibition, and hormonal and genetic regulation:, 
Fortunately, the subject of regulation of photosynthesis has recently 
been reviewed by Preiss and Kosuge (84). The enzyme that has received 
the most attention is ribulose-1, ^ -diphosphate carboxylase (RDPCase) o 
RDPCase appears to be regulated by light (84) o Evidently the enzyme 
is light-activated instead of its synthesis being light-initiated (84). 
Another stimulator is a light-activating factor (LAF), which has been 
extracted from tomato leaves with cold absolute ethanol (84). It is 
postula.ted that lAF and other factors may function as regulators. The 
lAF and light activation do not explain the difference in HCO^ " E^ '^s 
(Michaelis constants) between whole chloroplasts and isolated. RDPCase 
(O.3-O06 mM and 20 mM, respectively), Preiss and Kosuge (84) suggest 
that other factors are necessary for high activity; possibly these 
factors are lost in isolation# It has been speculated that protein 
removed during isolation of RDPCase may participate in an activating or 
concentrating mechanism for CO2 (34) o HgW- sometimes (in some species) 
decreases the for HCO^ ~ from 20 to 5*6 nM; hence, it is necessary as 
a cofactor, 
A sigmoidal kinetic curve of RDPCase for HCO^ " has been reported for 
two species of bacteria (84) <, This suggests that RDPCase may be regu­
lated by a finer control mechanism (allosteric effectors). Unfortunately, 
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this information is difficult to interpret since the true substrate may 
be CO2 and, also, the sigmoidal curve is not always observed (84), Feed­
back inhibition by citrate and 3-RiA. has been demonstrated for RDPCase, 
as well as evidence for a regulatory role in Kreb's cycle, glycolysis, 
and gluconeogeneous (%) » Evidence for a two subunit enzyme in spinach 
leaf gives more support to RDPCase as a regulatory enzyme (84) « Repres­
sion of RDPCase has also been reported (84). CrisweH (20) cites some 
evidence that RDPCase activity evidently is correlated to photosynthetic 
rate in higher plants. 
Other photosynthetic enzymes are apparently regulated by light, 
Glyceraldehyde 3-phosphate dehydrogenase (GEDH) appears to be light 
activated (84), GPDH evidently consists of two forms (84)—(a) HAD 
dependent, and (b) NADP dependent. It has been postulated (84) that 
light serves to interconvert the two forms of GPDH, 
Fructose diphosphatase (FDPase) has been reported to be light acti­
vated (84), A number of other factors are also required for activation 
(84): Mg"*^ , reduced ferredoxin, a protein, and a small molecular frac­
tion, This enzyme also is shown to demonstrate a sigmoidal velocity 
versus substrate concentration curve. This, again, may imply control by 
aliosteric effectors. 
The phosphoribulokinase enzyme may control C02-fixation so that it 
occurs only when the cellular energy level is high (84) , Part of the 
evidence for this control is exhibited by the fact that AMP inhibits 
ATP-dependent CO2 fixation (84) , Phosphoribulokinase demonstrates a 
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sigmoidal kinetic curve for substrate ATP and inhibitor 5*AMP (84) » AMP 
also has been shown (84) to inhibit or antagonize the activation caused 
by NADH,. AMP and NADE have both been shown to affect phospihoribulo-
kin&se (84), Hence, COg-fixation may be favored by high ratios of NADH/ 
NAD*" and ATP/(ATP + ADP + AMP) • One study (54) indicates that the major 
rate-Hmiting factor in broken spinach chloroplasts is the regeneration 
of the CO2 acceptor (ribulose-1, 5"diphosphate), 
Ribulose-5-pihospihate isomerase (84) appears to be regulated by a 
number of metabolites and compounds 0 The enzyme is reported inhibited 
by the following (84)i citrate, AMP, ADP, ribulose-1, 5-diphosphate, and 
Pi (inorganic phosphate). 
Earlier in this literature review, a point was made about the 
possibility of slow sucrose synthesis causing product inhibition of photo­
synthesis. Evidence indicates, however, that during photosynthesis, 
sucrose synthesis is very rapid (84) « Recent kinetic experiments with 
nonpho to synthetic tissue have shown that both substrates of sucrose 
synthesis (fructose-6-P and DDP-glucose) exhibit sigmoidal velocity versus 
substrate concentration curves (84), Again one may postulate allosteric 
effectors regulating sucrose synthesis, rather than end-product inhibition 
of C02-fixation« 
It is well known that plants have a delicate balance of hormones. 
Therefore, it is only reasonable to assume that they, directly or indi-
ectly, influence every organ or cell within the plant. Hormones probably 
affect some control over pàiotosynthetic rate as well (104), The mechanism 
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of hormonal action is not well xinderstood, but the following possibili­
ties exist (88)« (a) transformation of nucleic acid information, (b) 
coenzymes for several enzymes, (c) aHosteric effectors, and (d) pro­
motion of various forms of RNA. synthesis or inhibition of its breakdown» 
One may also postulate that they act through interaction with histones 
and EKA, Perhaps, they act as repressors and derepressors of gene 
activity* The regulation of gene activity may be very important in the 
regulation of enzyme synthesis for general plant metabolism» Prom this 
brief discussion, one can see the great number of possibilities for 
enzymatic control of photosynthetic rate* 
* * * * *  
In eiT^ MAry, it appears that there are a multitude of processes which 
could control photosynthetic rate, A closer approximation would be that 
there are, probably, several processes, reactions, etc., that limit or 
control photosynthetic rate, perhaps even in the field under limiting-C02 
supply. 
Bo Respiration 
Respiration is a process which is necessary for the supply of energy, 
reductive power, and metabolic intermediates for the plants various 
functions. The control of respiration is probably a result of a number 
of factors, either separate or simultaneous. For this reason and others, 
one would expect the magnitude of respiration in light to be different 
from that in the dark. 
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lo Dark respiration 
Respiration •will be defined as the evolution of CO2» Agronomists 
usually measure photosynthesis as net carbon dioxide exchange of the 
leaves or canopy. Other researchers have measured O2 uptake as their 
estimate of respiration. 
The magnitude of dark respiration is important to the total carbon 
production of the comniunityo Dark respiration rate is 30S^  of net photo-
synthetic rate in Wayne soybeans (52) « A more comprehensive report of 
several species gives data that indicates dark respiration as 9o33^  
(range of 2,9 to 13o95^ ) of net photosynthesis (29). Dark respiration is 
important to production, but not of great importance in this study because 
there is evidence that respiration rate is probably different in light. 
2, Light respiration 
This treatment of respiration of leaves in light will be brief 
because the literature is filled -with ideas and attempts to estimate it 
and there are several excellent reviews. A review in I965 by Egle and 
Pock (25, p. 79) states: 
The effect of visible light on respiration of photoauto trophic 
plants has so far not been explained satisfactorily. A fev 
experiments which resulted in an improvement of respiration with 
light are contradicted by other findings, which show an inhibi­
tion or no effect at all of light on the respiratory metabolism... 
The definition of the term respiration has contributed much to the 
confusion (25). 
31 
Jackson and Volk (50) use the term "photorespiration" to describe 
all respiratory activity in the lights They (50, p, 3S5) also state: 
Estimates of respiratory activity of photo synthetic tissue during 
illumination are based on a variety of indirect methods, each of 
which includes at least one limiting assumption. Nevertheless, 
it is quite clear that substantial changes in respiratory processes 
occur upon illumination, and that under certain conditions the 
light respiratory rate may be a significant fraction of the photo-
synthetic rate. 
Most dark respiration is believed to occur in the mitochondria, but 
there is some evidence for the oxidative pentose pathway in chloroplasts 
(50) a Photorespiration primarily occurs in the peroxisomes (50) « 
Jackson and Volk (50) give an excellent review of the different 
methods of estimating photorespiration. They mention at least seven 
methods 1 (a) CO2 release into C02-free air, (b) CO2 compensation 
concentration, (c) postillumination CO2 outburst and illumination CO2 
insurge, (d) relationship between apparent photosynthesis and CO2 con­
centration, (e) isotopic CO2, (f) oxygen uptake, revealed by transients, 
and (g) oxygen uptake revealed by labeled oxygen» All the methods 
involving CO2 measurement fail to estimate the CO2 fluxes from the mito­
chondria and peroxisomes to the chloroplasts (50); therefore, they all 
underestimate photorespiration. 
Various researchers have indicated different opinions on whether dark 
respiration is inhibited by light. A recent opinion by Walker and Crofts 
(102) is that there is insufficient biochemical evidence for "dark 
respiration" being inhibited in the light, A somewhat different opinion 
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is given by Jackson and Volk (50, po 385)* "Current evidence suggests 
that weak illumination restricts dark respiratory processes and, at 
least in high compensation species, induces a light-dependent CO2 release 
process.,." 
Walker and Crofts (102) briefly discuss possible roles for photo-
respiration. Evidence seems to indicate that glycolate metabolism is 
involved in photorespiration (50, 102) • The interconversion of glyco­
late and glyoxylate by glycolic oxidase may be related or involved in 
general metabolism, stomatal opening, and noncyclic photophosphorylation 
(102). The metabolite, glyoxylate, may be necessary for sufficient 
serine biosynthesis (102). Walker and Crofts also suggest that photo-
respiration may be merely a -wasteful process—hence, a concern to the 
agronomist. 
33 
m, EXPERIMENTAL PROCEDURE 
Emphasis within this section will be placed mainly on methods of 
measurement and oalciilations. This section is divided into three parts* 
plant material, measiirement of H2O and CO2 exchange rates, and measure­
ment of leaf anatomy. 
Ac Plant Material 
The plant material used in this experiment will be discussed from 
two aspects: selection of varieties, and culture of plsmt material. 
There seems to be sufficient evidence that the quality of the plant 
material is of prime importance in photosynthesis research (22) 0 
1, Selection of varieties 
The selection of soybean varieties (Glycine (L.) Merro) was 
bacsd on results of I968 research (22), Only four varieties were chosen 
for study in I969 because of the extremely time-consioming anatomical 
observations# Two high and two low photosynthesizing varieties were 
chosen. Another important factor to consider was leaf area, since leaf 
area may affect the measurement of net photosynthesis. Based on these 
criteria, Corsoy and Amsoy were selected to represent hig^  photosynthetic 
rate varieties, and Hawkeye and Richland to represent low photosynthetic 
rate varieties. 
In the summer of 1970» six varieties of soybeans were grown. Since 
one of the purposes was to measure variability between years, the same 
four varieties as used in I969 were grown plus two more. Two varieties 
3^  
were added in 1970 because a larger sample of the soybean population was 
desirable, and more time was availableo Provar, because of high density-
thickness, and Lindarin, because it had low density-thickness, were the 
varieties added in 1970^ « 
2. Culture of plant material 
The plants, grown in pots (plastic rectangular waste-paper baskets 
with 11 kg soil), were raised outside to better simulate the field light 
and temperature environment» In 1969» the pots were placed in three 
north-south rows between two greenhouses o Four rows were grown in 1970» 
with the outside rows serving as borders. Plants on the end of the rows 
were not used either year. Pots were randomly distributed in 19^ 9» but 
only varieties were random in 1970» because of concern about competition 
between varieties « The border rows were planted to Corsoy, 
The soybeans were planted May 19 and May 28, in I969 and 1970, 
respectively® The plants were spaced approximately 7 cm apart in the 
row in 1969 and 9 cm in 1970. Row width in 1970 was 40 inches and, though 
it was not measured, was estimated as 30 to 40 inches in I969» 
The plants were watered upon visual signs of soil dryness. On only 
a few instances did the plants show visual signs of wilting, and these 
were on high atmospheric demand days, and when evident, wilting was 
primarily confined to pots at the end of the rows, 
T^he writer is indebted to Phillip E, Winbom for his assistance and 
data in selecting Provar and Lindarin varietieso 
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The same amount of fertilizer was applied both years to the 2:1:1 
i'vjvf'v) of soil, sand, and peat mixture. To alleviate any P and K 
deficiencies, approximately 100 ppm by weight of P and K were mixed in 
the soil mixture as Ca(H2P0ij,)2 and K2S0/^ .. Nitrogen was added every two 
weeks to the pots, beginning on June 12, 1969 and June 29, 1970 and 
continuing to the end of the experiment» Five applications of 50 ppn. 
N each, or a total of 250 ppri of N in the form of , were applied. 
The first application of 50 ppm N was mixed with the soil before planting 
in 1970, What was believed to be iron deficiency appeared on July 4, 
1970, Sequestrene T38 Fe iron chelate was applied on July 6 to alleviate 
the deficiency* Two days later the cKLorotic areas were beginning to 
show chlorophyll synthesis» 
Pest control was necessary to maintain healthy soybeans. The 
following pesticides applied to the foliage during the season were: 
malathion, chlorobenzilate, DDT, and Ortho Sevin» 
B. Measurement of H2O and CO2 Exchange Rates 
The most important measurement in this study is net photosynthesis 
or net CO2 exchange of the leaves. Transpiration, leaf temperature, and 
air temperature are measured simultaneously with net CO^  exchange. The 
measurement of these latter variables allows for estimation of diffusion 
resistances. This section is partitioned into three subsections: (a) 
basic design of the system, (b) calculations, and (c) response of leaves. 
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1, B&ale design of the syatem 
In order to measure varietal difference in net photosynthesis, it is 
convenient or perhaps necessary to measure CO2 and EgO exchange rates 
under controlled environmental conditions o To achieve controlled environ­
ment during testing, the pots containing the plants to be measured, were 
brought into the laboratory for testing. The terminal leaflet of the 
youngest fully-expanded leaf was quiclcLy placed in the leaf chamber. 
a. General operation of apparatus The apparatus is discussed 
in detail in a M.S. thesis by Domhoff (22) and a PhoD. thesis by 
Cri swell (20), In essence, the gas circuit is an "open system" where 
atmospheric air is pumped through solutions to adjust the CO2 and H2O 
concentrations in the air, and then the air is forced through the leaf 
chamber and is exhausted, A light source is present to provide sufficient 
radiant energy to saturate the leaves for the photosynthetic process, A 
leaf chamber is provided to give reasonable control over the environment 
near the leaf. Temperature is controlled by an air-conditioned laboratory, 
a watei—cooled leaf chamber, and a constant temperature water bath. 
Air is sampled before and after (influx and efflux) the leaf chamber 
for CO2 and H2O concentrations. Analyzed air is exhausted, A sufficient 
air flow rate enables measurement of both net photosynthesis and transpi­
ration, simultaneously. 
Approximately 15 minutes per leaf are required for essential steady 
state rate of net photosynthesis (22), To facilitate more rapid measure­
ment of photosynthesis, etc», two leaf chambers were used simultaneously. 
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While material in one chamber was being analyzed, the other chamber was 
used for insertion and equilibration of material with the chamber 
conditions. 
b, light source and flux density The light source is the same, 
300-4fatt reflector-flood, incandescent lamps as that reported earlier (22). 
In 1969» the average light flux density was approximately 7950 ft-c as 
measured by a Weston foot-candle meter, model 756. A radiant energy 
spectrum was not measured by a spectroradiometer in I969, but was in 
1968, This provided a means of estimating the radiant energy between 
400-700 nm wavelengths which encompasses the range of response of 
photochemical pigments related to photosynthesis o The light flux density 
of 7950 ft-c was approximately equivalent to 3^  x 10^  ergs/sec cm^  from 
400 to 700 nm. This was essentially the same light flux density as 
reported earlier (22). 
Because of the high infrared load on the leaf in the chamber com­
pared to the sun, in 1970 CuSO^  ^was added to the water baths between the 
lights and the leaf chambers. The water baths were 6.6 cm deep with 
0.01 H CuS0ij,*5 HgO solution,, The addition of CuSOi^  considerably reduced 
the heat load on the leaf. The mean Ught flux density 25 cm from the 
face of the bulbs (leaf position) was 8I5O ft-c via the Weston foot-candle 
meter and 26 x 10^  ergs/sec cm^  from 400 to 700 nm. Light flux density 
was measured with the IS CO model SRR spectroradiometer in I968 and 1970, 
but a different instrument was used each year. Figure 1 shows the energy 
spectrum for the sun, I968 conditions, and 1970 conditions at leaf level 
within the chamber (estimated by a simulated water jacket). 
Figure 1, Radiant energy speotrura of the sun and within the leaf chamber at the level of the leaf, 
A A sun measured lil5 PM GDST July 4, I968 on clear day; # # incandescent light 
source, average of both chambers measured July 6, I968; © © incandescent light source 


























c. SuTJply of air to leaf phamters The gas circuit is essentially 
the same as used by Gaastra (38) o It is the same as reported by Criswell 
(20). Atmospheric air is bubbled through a 6N KOH solution to remove 
essentially *11 the CO2» COg is then added back to the C02-free air, by 
a fine capillary tube, to achieve the desired, constant concentration. 
After the CO^  concentration is adjusted, the humidity is adjusted by 
bubbling air in water at a constant temperature o Temperature of the 
humidified air, then is adjusted to leaf-testing conditions by pumping the 
air through a copper coil submerged in a constant temperature bath. Air 
flow rate was measured just prior to the leaf chamber by Matheson 620 BBV 
flow meters. Air pumps wore Gast oil-lubricated, rotary-vane pumps, 
d. Leaf çhamhers One variable which was not held constant over 
the three years of testing was the leaf chambers. A different leaf 
chamber was used each year. The leaf chamber used in I968 (22) was 
essentially of the same design as that used by Ne vins (75) • It was a 
water-jacketed leaf chamber with a slot for insertion of a leaf petiolule. 
The leaf chaiaber had an inlet manifold for even air distribution across the 
chamber. With this chamber, air flow rate through the chamber is critical 
for maintaining turbulence, A flow rate of 434 l/hr was used in I968, 
In 1969, a lower flow rate was desirable for a more sensitive COg 
exchange rate determination. For this reason, an internal radial fan was 
inserted into the plexiglass leaf chamber. Figure 2 shows the leaf chamber 
used in 1969, which is really the same chamber as I968 except the fan was 
added. The inside dimensions of the chamber were 18.3 x 14.6 x 2.5 cm. The 
Figure 2, Leaf chamber used in 1969 shoving a piece of blotter paper 
in simulation of a leaf 
Figure 3» 1970 chamber with blotter paper in leaf position 
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3^ 
radial fan was constructed so it would cause wind or turbulence toward 
the tip of the leaf» This provided turbulence over both leaf surfaces, 
A flow rate of 400 l/hr was first tested for the windspeed measure­
ments inside the leaf chamber. It was intended to use this flow rate for 
the measurements in 1969» but it was found necessary to increase the flow 
rate to ^ 00 l/hr because of evidence of poor turbulence » Cobalt chloride 
treated paper indicated uneven turbulence at 400 l/hrg Also, there 
existed a temperature gradient across the leaf. The mean windspeed (500 
l/hr flow rate) across the chamber at the level of the leaf was 31o7 
ft/min or 16,1 cm/sec. Windspeeds were measured with a Hastings air-
meter, model B-22 with a directional probe, Type S-22A. The directional 
probe was oriented perpendicular to the wind direction from the fan, 
because it could only be placed within the chamber through the petiole 
slot; hence J actual windspeed may be greater than reported o The wind-
speeds were 4 times higher at the end of the chamber near the fan than 
at the base of the leaf. The measurements were taken without a leaf in 
the chamber. The average windspeed within the chamber, calculated from 
flow rate and cross-sectional area measurements, was 2.8 cm/sec. 
The 1970 leaf chamber was constructed quite differently. Figure 3 
shows the construction of the larger leaf chamber. A larger fan was placed 
in the end of the chamber to increase turbulence, lower leaf temperature, 
and to give more uniform leaf temperatures. The chamber top was held down by 
spring clamps (not shown in Figure 3) » Ports were placed in the side of the 
chamber to enable the measurement of windspeed. The inside dimensions of the 
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plexiglass leaf chamber were 10,8 x I4o0 x 20o3 cm, A Dayton 31^ 0 RFM, 
1/250 HP electric motor with a 4" bladed fan was used to create turbu­
lence, The petiolule was sealed in the leaf chamber with non-toxic 
permagun (75) • The chamber lid was removed for leaf insertion instead 
of the end pLate as in 1969« 
The mean winds peed across the chamber at leaf level with the 1970 
chamber was 271 ft/min or I38 cm/sec as measured by the Hastings air flow 
meter. Near the fan the windspeed was four times greater than the other 
end of the chamber. This windspeed was measured with a flow rate of 434 
l/hr, the same flow rate as used in the experiment, 
e. Measurement of CO2 concentration The CO^  concentration was 
measured with a Beckman I5-A infrared gas analyzer. This anal^ '^ ser was 
converted to a differential analyzer with two flowing cells (20), By 
doing this, the accuracy of the measurement was probably increased (ll) « 
The air streams to be analyzed were dried with indicating Drierite 
and filtered through glass wool. The flow through the cells of the 
analyzer was" monitored with two flow meters and maintained the same for 
both cells. After analysis, air was exhausted. 
The electrical signal from the Beckman analyzer was fed into a Leeds 
and Northrup Speedomax H potentiometric, strip-chart recorder. The 
analyzer-recorder combination was calibrated with standard gases. Read­
ability of the strip-chart was approximately 0.5 ppm. CO20 
f, Measurement of humidity A differential psychrometer was con­
structed in 1968 (22), This differential psychrometer is essentially two 
thermocouple psychrometers mounted together in a constant temperature 
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water bath. However, because of inability to maintain the two bulb 
temperatures exactly the same, the unit was treated as two separate 
thermocouple psychrometers—one for each air stream. 
Wet- and dry-bulb temperatures were read with a Leeds and Northrup 
8690 single-range, millivolt potentiometer. This instrument gives a 
readability of 0.3°C or better. There was no recorder for this instrument 
so the temperature was monitored and recorded when the leaf was under 
steady state conditions. 
Calibration of the psychrometers was performed many_^ im!Bs, Flow 
rate versus wet-bulb depressions were run to determine what flow rate 
through the psychrometer was required for maximum wet-bulb depressions. 
To check the accuracy of the psychrometer, air was saturated by slowly 
bubbling it through, water at constant temperatures and then pumped 
through the psychrometer. 
Bubbling air through constant temperature water gave varying results 
for the three years. In 1968, the absolute humidity was generally 
measured as 10 to 11 pg air, compared to 7«5 |ig H2O«cm"^  air for 
the theoretical absolute humidity of the air. There were also large 
variations in individual determinations. As a result of this large error, 
the thermocouples were reconstructed in 19^ 9^  with different wieking 
material (mercerized cotton thread). The measured absolute humidity was 
8 to 9 pg H20*cm"3 air and the theoretical humidity was 8.5 pg B^ O'cm"^ ' 
"^ "The author is indebted to Wayne R. Hansen for help and advice in 
preparing more accurate wet bulbs. 
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air. Different wieking material, mercerized shoe laces^ , was used in 
1970, because the wicks dried out occasionally in I969. Several tests 
were run and the measured humidity was 9*5 to 13o5 pg H20*cm~^  air 
compared to the theoretical range of 10«5 to 12,5 Pg S20»cm"^  air. 
In 1969f the psychrometers were calibrated with different densities 
of sulfuric acid solutions at approximately 20^ 0, Generally (except 
at 6 mm Hg) the H2O vapor pressure was within 2,0 mm Hg of theoretical 
H2O vapor pressure over the acid solutions (range of 6 to I5 mm Eg 
tested) e Tests were performed with solutions in 1970 and indicated 
that the individual psychrometers were measuring the absolute humidity 
of the same air within experimental error» The temperature of the acid 
solution was approximately 26°C, so it was not possible to compare the 
measured vapor pressure to theoretical vapor pressure at 20^ 0, 
Saturated salt solutions were tried, but these were met with little 
success, because of lack of temperature control of solutions and long 
equilibrium times. The psychrometers were checked very regularly by 
comparing the wet-bulb depressions of the two psychrometers when no leaf 
was in the chamber. The results of all these tests indicated that the 
psychrometers require regular maintenance, and probably have significant 
error in absolute humidity, but the error would have had minimal effect 
on distinguishing varietal differences, 
g. Measurement of air and leaf temperature Leaf temperatures 
were measured by using a spring loaded thermocouple pressed against the 
l^atyer, R, 0,, Canberra, Australia, Wieking material. Private 
communication, 1970, 
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underside of the leafo Two thermocouples were used for leaf tempera­
ture; each was placed apparoicimately 1»5 cm from both sides of the midvein 
of the soybean leaf « Chamber air temperature was taken with a thermo­
couple placed approximately lo5 cm directly below the midvein of the 
leaf. A thermocouple was also placed in the air stream before the flow 
meters to correct the volume of CO2 for temperature o These temperatures 
were recorded with the same potentiometer that was used for humidity 
measurements • 
2. Calculations 
Most of the calculations used in this experiment are not new, but 
were reported by Criswell (20) , and moreover, they are very similar to 
those reported by Domhoff (22) • Error analysis is important because 
the number of significant figures is determined by the precision of the 
apparatus and the number of measurements «, This section is divided into 
three subsections* net photosynthesis, photorespiration estimates, and 
diffusion resistances, 
a. Net photosynthesis (Pn) The conventional way to represent net 
carbon di02d.de exchange is by net CO2 per unit leaf area (one surface) 
per unit of time, mg C02/dm^  hr. Measurements involved are differential 
CO2 concentration across the leaf chamber, temperature of the air stream 
flowing through the flow meter, air flow rate, and leaf area (leaf area 
was determined with an optical planimeter) o 
Calculations of net CO2 exchange rates involve the use of the ideal 
gas law. By assuming atmospheric pressure is one atmosphere, the 
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equation for calculation of photosynthetic rate is quite simple (Equa­
tion l). 
Pn = net photosynthesis, mg CO2 dm~2 hr~^  
 ^1^ 2] ~ difference in GO2 concentration between the influx and 
efflux air streams to the leaf chamber, ppm (v/v) 
P = air flow rate through leaf chamber, l*hr~^  
A = leaf area (one surface), dm^  
Tf = temperature of air stream through flow meter, °K 
k = 0.536 C02'°K 
ppm«l 
The measurements of Pn were not taken at exactly 320 ppn (v/v) CO2 
concentration for each leaf, so Pn was adjusted to 320 ppm (v/v) for 
varietal comparisons. By use of the slope of the CO2 response curve for 
net CO2 exchange, an equation was derived to adjust the jiiotosynthetic 
rate to 320 ppa CO2; P32O (Equation 2). In 1968, the CO2 response curves 
were shown to be linear (no significant quadratic trends). In I969 and 
1970, only two points were used for calcnlation of slope of CO2 response 
curve (Pn and CO2 evolution in f^ zid light) 0 
P320 = Pn + S(320 - [C02]out) (2) 
P320 - net pho to synthesis adjusted to 320 ppm (v/v) atmospheric 
CO2 level, mg CO2 dm"^  hr"^  
Pn = measured net photosynthesis at chamber 0^2], mg CO2 dm"^  hr~^  
S = slope of net CO2 exchange of leaves vso atmospheric CO2 level, 
mg CO2 dm~^  hr~l ppn C02~^  
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[C02]out ~ COg concentration of leaf chamber efflux air stream, 
pm (v/v) 
Any measurement of Pn will have associated with it an error term, 
or a deviation from the true net photosynthetic rate. A broad frequency 
distribution represents a large error in measurement. The precision of 
the measurement is also reflected in the width of the frequency distri­
bution (2),, The best estimate of precision of an apparatus appears to 
be the standard diviation, ^ 0 A more precise apparatus will have a lower 
inherent <r. According to Brown and Rosenberg (ll) , the errors in 
estimation of net photosynthesis are cumulative, 
b, Photoresriration estimates For this research, three estimates 
(or indicators) of photorespiration were used: COg compensation con­
centration, CO2 evolution in zero-C02 air and light, and a calculated 
photorespiration resulting from a resistance adjustment of the CO2 
evolution in C02-free air and light. All these estimates of photorespira­
tion have been criticized because they do not measure or take into 
account the flux of CO2 within the leaf between the source (chiefly 
mitochondria and peroxisomes) and the sink (chloropOLast) (50) o Never­
theless, it was felt that some information could be gained from these 
variables, 
CO2 evolution in zero-C02 and light (RQ) was measured essentially 
the same as Pn (20, 22)o Influx air to the chamber was essentially at 
zero concentration of CO2 and the efflux air stream was above zero-CÛ2 
levels Hence J, correction of CO2 efflux rate to zero-C02 was accomplished 
in a similar manner as Pn adjustment (Equation 3)» 
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Ro = R + s [C02]OUT (3) 
RQ = net CO2 evolution in zero-C02 and light adjusted to exactly 
zero-COg,, mg CO2 dm"^  hr~^  
R = net CO2 evolution in near zero-C02 and light, mg CO2 dm~^  hr"^  
S = slope of the CO2 response curve, mg CO2 dm"^  hr~^  pp«a C02"^  
|C02]out ~ CO2 concentration of leaf chamber efflux air stream, ppn. 
Another indicator of photorespiration, COg compensation concentra­
tion, r , was determined as the intercept of the CO2 response curve o By 
knowing the net COg exchange rates at two levels of CO2, one can determine 
the CO2 compensation point concentration (Equation 4) o This method of 
determination is based on the assumption that the CO2 response curve 
within this range of CO2 concentration is linear. Previous research 
indicates that the response is linear (22) o 
r = Ro/S (4) 
r = COg compensation concentration, pjsa CO2 (v/v) 
Rg = corrected net CO2 evolution, mg CO2 dm~^  hr~-
S = slope of CO2 response curve, mg CO2 dm~^  hr~^  ppn C02~^  
RQ has been criticized as being an underestimate of photorespiration 
(50, 63, 89), because R^  does not take into account the flux of CO^  with­
in the leaf from the respiratory sites to the sites of CO2 fixation. A 
correction to R^  has been applied (89) o The correction involves ratios 
of diffusion resistances for correction of internal flux of CO2 (Equation 
5). This method of correction, however, has also been criticized (50) 
because it may be a minimal estimate of photorespiration as a result of RQ 
being measured under low CO2 concentrations (low photosynthesis). 
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 ^ o- r- (5) 
° m^r 
Rg = adjusted CO2 evolution, mg CO2 dm~^  hr~^  
RQ = corrected net CO2 evolution, mg CO2 dm~^  hr"! 
2r^  = sum of resistances tc CO2 diffusion, assuming CO^  concentra­
tion at the chloroplast, p02j^ >i1 » to be P, sec cm~^  
Tj^ p = mesophyil resistance to CO2 diffusion with assuming p02j ^v,-| = 
p, sec cm"! 
C» Diffusion resistances Gaastra's (38) method of measuring and 
calculating the diffusion resistances was used, except pOo]<»h"l (CO2 
concentration at the site of fixation) was assumed to be P, Sum of 
resistances to CO2 diffusion was also calculated assuming zero-C02 at 
the chloroplast, Jr (Equation 6), Total resistance to diffusion of CO2, 
and JTQ are calculated from the rate of net CO2 exchange. 
_ P°2]0UT - p2]chl 
^ r - Pn(l.4l4 X 10-6) 
Tr = sum of resistances to diffusion of CO-, from the external 
*- r  ^
atmosphere to the chloroplast, |COpJ^ >,-| = P, sec cm~^  
Pn = net photosynthesis, mg CO2 dm~^  hr~^  
jC02]oDT - CO2 concentration in the efflux air, ppm 
chl - CO? concentration at the site of fixation, ppm 
1«414 X IQ-^  = constant to convert Pn (mg CO2 dia"^  hr~l) to cm3 
C02"cm~^  sec~^  
In order to calculate the other diffusion resistances, the measure­
ment of H2O exchange rates were necessary. Hence, transpiration rates 
were determined by measuring the difference in H2O vapor pressure 
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- 4  (7) 
-1 
between the influx and efflux air streams of the leaf chamber with 
thermocouple psychrometers (Equation 7)o 
[»5(TWo-To) + eswo]j - [=5(1*1-%) + eSWl] 
Tr = transpiration rate, mg H2O hr"^  
F = flow rate into chamber, l*hr~^  
A = leaf area (one surface), dra^  
Tj = dry bulb temperature of influx air, °C 
Tq = dry bulb temperature of efflux air, °C 
= wet bulb temperature of influx air, °C 
= wet bulb temperature of efflux air, °C 
Çj = density of water vapor in saturated air at Tj, mg H20*l 
ÇQ = density of water vapor in saturated air at TQ, mg SgO'l"^  
63J = saturated vapor pressure at Tj, mm Eg 
®S0 ~ saturated vapor pressure at Tq, mm Hg 
®SWI — saturated vapor pressure at Tyj» mm Hg 
®SWO ~ saturated vapor pressure at T^ Q, mm Eg 
Calculations of laminar and stomatal diffusion resistance (r^  ^+ 
are accomplished by a method similar to Jr except S^ O diffusion resist­
ances must be corrected to CO2 diffusion resistances (38)« This is 
accomplished by multiplying the H2C diffusion resistances by the ratio of 
the diffusion coefficients (CH20/ ^ 002) • Gaastra (38) presents the ratio 
of the diffusion coefficients as lo7'19^  whereas other researchers (40) 
give a value of 1,5636, The new diffusion coefficients, which give a 
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lower diffusion resistance, were used in this researcho The calculation 
of rg^  + Tg, is given by Equations 8, 9» and 10, 
a^ + ^ s =  ^ [l?2°]s ~ &2°]OUT] 
ra + rg = iflnri na-r plus stoiaatal diffusion resistances to CO2 
diffusion, sec cm"^  
Tr = transpiration rate, g H2O dm~^  br~^  
2^^ 1 S ~ concentration of water at the site of evaporation within 
the leaf, cm3 H20*cm~^  air 
[H2OJ0DT = concentration of water in the efflux air stream, cm3 
H20*cra~^  air 
,563 X 10^  = constant to convert Tr (g H2O dm"^  hr~l) to cm3 H20*cm~^  
sec"^  and to convert H2O diffusion resistances to CO2 
diffusion resistances 
ko]s = (9) 
% = leaf temperature, °C 
esL = saturated vapor pressure at T^ , mm Eg 
2,89»10~^  = constant to convert E2O vapor pressure (mm Eg) to 
absolute humidity, cm3 H2Û*cm~3 air (93) 
273*16 = constant to convert to 
Monr = 273^ 16^  ^[-5(iwo - To) + %wo] (lo) 
Tq = dry bulb temperature of the efflux air, °C 
= wet bulb temperature of the efflux air, °C 
®SWO - saturated vapor pressure at Two» ™ Sg 
5^  
resistance to diffusion of CO2 was calculated in a similar 
manner to Cri swell (20)• A series of different sized saturated blotters 
were used to simulate the leaf in the chamber at different air tempera­
tures. The evaporation rate was determined from these blotters the same 
as transpiration from a leaf. From these evaporation rates, a regression 
equation was calculated using blotter area (leaf area) and chamber air 
temperature to predict the evaporation from a leaf with no stomatal 
resistance (r^ ). By inserting the evaporation rate from a saturated 
blotter for Tr in Equation 8, r^  ^is determined. Inherent in this proce­
dure is the assumption that leaf temperature equals blotter temperature 
and that the regression equation accurately predicts the evaporation for 
these given chamber conditions. 
Stoma tal resistance and mesophyH resistance to CO^  diffusion were 
arrived at by subtraction. Stoma tal resistance (rg) is simply (rg^  + rg) 
- rg^ . Mesophyll resistance is obtained from %r^  - (r^  + rg), and 
m^o is Ir^  - (r^  + r^ ). 
3. Response of leaves 
Recently, Nevins and Loomis (76) have expressed the importance of 
condition of plant material and measuring techniques for determining 
net photosynthesis and related variables of plant leaves. Varietal 
comparisons should be made under known environmental conditions. Each 
variety should be tested for its response to each environmental parameter 
thought to affect photosynthesis, or these unobserved parameters should 
be defined and held constant. Soil fertility and moisture content of the 
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soil were briefly discussed in an earlier section. These are believed 
to have been near optimum. No diseased plants, at least as could be 
determined by inspection, were tested. The response of leaves to various 
pesticides applied was not checked because of lack of time. Several 
other environmental parameters were, however, briefly examined, 
a, Response to irradiance In an earlier study (22) with a 
limited number of leaves, it was reported that the light-response curves 
of net photosynthesis were different during the season. The leaves were 
light-saturated at approximately 12 x 10^  ergs sec~l cm~2 (400-700 nm) 
on July 9 compared to light-saturation of 30 x 10^ ergs sec"^  cm~2 on 
August 21. It was postulated that the higher rate of net photosynthesis 
later in the season was related to the higher light-saturation. 
In 1969, six light-response curves were run on each of the four 
varieties tested, Corsoy, Amsoy, Hawkeye, and Richland. Each one of the 
twenty-four light-response curves were run from high light flux density 
to low light by insertion of copper window screens between the light 
source and the leaf chamber. Figure 4 shows the mean response curve of 
the four varieties. An analysis of variance at each light flux density 
showed no varietal differences. It appears that these four varieties were 
light-saturated for xhe photosynthetLc process at approximately JO x 10^  
ergs sec"^  cm"^ . The curves were run from August 12 to August 18, I969. 
This experiment also gives evidence that there is no difference in the 
slope of the light response at low light. The slope of the light-response 
curve at low light has been used to indicate the efficiency of the photo­
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Figure 4. Light response curves of the most recent fully-zexpanded soybean leaves. Each data point 
is the mean of six measurements per variety (24 observations). Curves were performed 
August 12 to August 18, 1969» Experijnental conditionsi [CO2] = 320 pan, VPM (HgO 
vapor pressure deficit of air) = 10 to 24 mm Hg, RH (relative humidity) = 32 to 5^ » 
leaf temperature == 20 to 33°G 
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Several light-response curves were performed in 1970» The results 
indicate that the three leaves tested were saturated, or very nearly 
saturated, at the light flux density used for the 1970 variety experi­
ments (26 ergs sec"^  cm~^ )o The above results indicate that all years 
of research were carried out under essentially light-saturated conditions 
for net photosynthesis « 
b. ResTX)nse to humidity No tests on effect of atmospheric 
humidity on net photosynthesis were run in 1969 and 1970» In 1968 (22), 
an experiment was performed to measure net photosynthesis over a range 
of E2O vapor pressure deficits. No significant effect of humidity on 
net photosynthesis was observed over the range of 7o5 to 11*0 mm Eg. The 
experiment was performed under nearly steady^ state conditions, 
c. Response to windspeed Design of the chamber affects the 
windspeed within. The chamber used in 1968 gave an average windspeed of 
3,1 cm/sec. It is believed that the windspeed in the center of the 
chamber was greater than this, because of jet airstreams from the air 
inlet tube, A windspeed-response curve for net photosynthesis was per­
formed in 1968, and an average windspeed of 2,5 cm/sec was found suffi­
cient. 
As mentioned earlier, the I969 chambers were 1968 chambers with 
radial fans in them. Mean windspeed, as measured by a hot wire anemometer 
(Hastings), was 16,1 cm/sec. Unfortunately, the effect of the fan on net 
photosynthesis was not tested until the end of the 1969 measurement sea­
son. Prior to measurement of net photosynthesis, the chamber was tested 
by blowing smoke in the inlet tube. Smoke seemed to very rapidly. 
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and hence, it was assumed the air mixing in the chancer was stifficient. 
The effect of the fan was tested on four leaves (one per variety), and 
was found to decrease net photosynthesis by an average of 0.7 mg COg 
dm~^  hr"!» Another undesirable phenomenon that was noticed, was that the 
leaf temperature on the inlet side of the leaf chamber was much cooler 
than the outlet side» This difference in leaf temperature seemed greater 
with the fan on. Evidently, there was something wrong with the aerodynam­
ics of the system. In essence, the fan was undesirable in the 1969 leaf 
chamber. 
A better chamber, aerodynamicaUy, was built in 1970» The hot wire 
anemometer detected average windspeed as 138 cm/sec. Winds peed was 
measured in direction of the propeller "wash", but in 1969 it was measured 
perpendicular. Hence, the difference in the detected windspeed in 1969 
and 1970 may be, in part, an artifact of direction of measurement. The 
fan had a beneficial effect on net photosynthesis in this larger chamber 
(Figure 5)* However, experience suggests that a fan is not necessarily 
beneficial in all leaf chambers, 
d, Response to temperature Temperature is an obvious environ­
mental parameter that should be investigated with any net photosynthesis 
study. Leaf temperature is the parameter of most interest. Research in 
1968 indicated a broad optimum of between 30 and 40in the net photo­
synthesis-leaf temperature-response curves (22). These tests were not run 
under steady^ state conditions, but were with slowly increasing temperature. 
Four leaf temperature-response curves for net photosynthesis (one per 
variety) were performed in I969. Again these tests were not under steady-
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Figure 5» Windspeed-response curve for net photosynthesis of a most recent fully-expanded leaf 
of Corsoy on July 1?, 1970. Windspeed is related to the fan AC voltage supply. 
Experimental conditionsi Light = 8I5O ft-o, VPDA = 6 mra Hg, RH = 75^ » leaf temper­
ature = 26c5°C» [CO2] ~ 320 ppn 
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state conditions, but were under slowly increasing leaf temperature. 
Essentially all the varieties began to decline in net photosynthesis around 
35°C leaf temperature. Usefulness of these temperature curves is limited 
because the lowest leaf temperature used for the tests was 32^ 0« The 
curves do indicate that optimum net photosynthesis occurs below 35°Cb 
e. Response to leaf aging For present purposes age of the leaf 
will be defined as days after full lamina expansiono In 1968 (22), 
measurements were taken on approximately the third or fourth unrolled 
leaf from the top of the plants# By observation, it was believed that 
this represented the most recent fully-expanded leaf, A leaf was counted 
as number one from the top when the leaf was completely unrolled. It was 
assumed that net photosynthesis was optimum in the youngest fully-expanded 
leaf. 
In 1969» an attempt was made to test the assumption that optimum net 
photosynthesis occurs in the youngest fully-expanded leaf. During I969, 
the date at which leaves attained approximately one-half inch in length 
was recorded on tags attached to the leaf petiole. Six plants per variety 
were monitored every other day for leaf expansion. Expansion of the leaves 
was estimated by their maximum width# The time it took for leaves to 
reach full expansion was about the same for all varieties. The length of 
the period of expansion after tagging, however, differed during the season 
or stage of development of the plant# During ths first two weeks in July 
and the first week in August the days to fuH expansion were approximately 
12, The second two weeks in July e^ diibited a longer period of expansion, 
approximately I6 days. 
61 
Another interesting observation that came from this experiment is 
that varieties Amsoy, Hawkeye, and Richland ceased leaf expansion of the 
uppermost leaves around Avigust 18» However, Corsoy stopped expanding 
around August 14. Hence, leaves tested after these dates may be affected 
by leaf aging* Essentially all leaves had emerged by August 6a 
By tagging the leaves, it was possible to record when the leaves were 
fully-expanded and, hence, test themo A problem encountered was that 
there was, naturally, a delay in the time between when tbe leaves were 
shown fully-expanded and the testing of themo In short, "chere was a 
delay of from one to seven days between full expansion and testing of the 
leaves. There was more delay toward the end of the season when leaves 
stopped expanding. 
The question of whether the third or fourth unrolled leaf from top 
is really the most recent fully-expanded leaf was not completely answered. 
However, it seems that the fourth leaf is generally fully expanded and the 
fifth leaf is always fully expanded. 
Three small experiments were conducted in 1969 on the effect of 
leaf aging on net photosynthesis. Experiment 1 was a study of the effect 
of leaf aging on net photosynthesis of the four varieties during July 21 
to 25. The leaves were essentially fully expanded on July 19* Corsoy, 
Amsoy, and Hawkeye were exhibiting optimum net photosynthesis from two to 
six days after full expansion, whereas Richland may have been still 
increasing in photosynthesis at six days aging. 
Experiment 2 indicated the effect of degree of leaf expansion on net 
photosynthesis as tested from July 21 to 25. The leaves were fully 
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expanded approximately July 25» Corsoy, Hawkeye, and Richland appeared 
to be still increasing in net photosynthesis up to full expansion» Amsoy 
evidently was at maximum net photosynthesis at full expansion o 
Experiment 3 was a longer term experiment to test the effect of 
leaf aging on net photosynthesis» As seen in Figures 6, 7» 8, and 9» 
optimum net photosynthesis does not occur exactly at full expansion, but 
perhaps from two to six days after full expansion» These individual 
curves were inserted to illustrate the reproducibility of the measurements. 
Each curve represents one leaf reinserted in the leaf chamber each day. 
This also illustrates that the measuring apparatus does not harm the leaf 
being tested, 
C. Measurement of Leaf Anatomy 
Some 1968 observations led to the research into anatomy. It was 
found earlier that net photosynthesis was positively correlated with leaf 
density-thickness (leaf dry weight/leaf area) and to stomatal conductance 
to CO2 movement (l/rg), xhus, the stomatal apertures, stomatal fre­
quencies, density-thickness, and internal leaf anatomy were examined in 
1969 and 1970. 
Every day that net photosynthesis was measured, leaf epidermal 
impressions, leaf cross-sections, and leaf clearings were made for each 
leaf tested. Because of the large amount of time required for anatomical 
observations, however, only four of the 24 days in I969 and 26 days in 
1970 were analyzed. In 1969» the dates for detailed anatomical analysis 
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Figure 6. Effect of leaf aging on Cornoy leaf net photosynthesis, 1969. The same leaf was tested 
each day. Arrow indicates date of full expansion. Experimental conditions: VPDA = 
22 to 46 mm Hg, RH = 34 to 235^ , fCOgl = :)20 ppn, light = 7950 ft-c, leaf temperature = 

















4 0  




4 4  4 6  4 8  5 0  5 2  
D A Y S  A F T E R  J U N E  3 0  
Figui'e 7e Effect of leaf aging on Ainsoy leaf net photosynthesis, 1969# The same leaf was tested 
each day. Arrow indicates date of full expansion. Experimental conditionsi VPDA = 
25 to 41 mm Hg, RH = 38 to 31^ , fcOgl = 320 ppm, light = 7950 ft-c, leaf temperature = 
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D A Y S  A F T E R  J U N E  3 0  
Figure 8, Effect of leaf aging on Hawlceye leaf net photosynthesis, 1969o The same leaf was tested 
each day. Arrow indicates date of full expansion. Experimental conditionsi VPDA = 
19 to 43 ram Hg, RH = 39 to 26^ , (CO2] = 320 ppn, light = 7950 ft-c, leaf temperature = 























4 4  4 6  4 8  5 0  5 2  5 4  
DAYS AFTER JUNE 30 
Figvu'0 9t Effect of leaf aging on Richland leaf net photosynthesis, 1969, The same leaf was tested 
each day. Arrow indicates date of full expansion. Experimental conditions: VPDA, = 18 
to 40 mm Hg, RH = W- to 33^ , [COg] = 320 ppn, light = 7950 ft~c, leaf temperature = 
30.0 to 3^ oOOC 
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they were chosen to he approximately a week apart* July 28, August 4, 
August 12, and August 19. Dates for anatomical analysis in 1970 were 
arbitrarily chosen as every Thursday: July 23, July 30, August 6, and 
August 13. 
1. Measurement of stomatal aiaertures and frequencies 
Epidermal impressions of the leaf surfaces were made with silicone 
rubber (75» 115)= The viscous silicone rubber mixture (General Electric 
RTV-11 and catalyst Kuocure 28) was applied to the leaves on both surfaces 
immediately after they were taken from the leaf chamber o Rubber was 
applied to the middle of the leaf lamina on either side of the midvein. 
It was usually dry (cured) within five minutes « After drying, impressions 
were peeled from the leaves and were labeled and placed in a desiccator 
for storage. 
For a positive impression of the leaf surfaces, the silicone rubber 
impressions were painted with a thin film of cellulose acetate solution. 
The cellulose acetate solution used was a commercial, colorless nail 
polish. After drying, the thin film was peeled from the silicone rubber 
and placed on a microscope slide. The cover slip was fastened with 
transparent cellophane tape. The impressions of the leaf surfaces were 
examined under a Carl Zeiss phase microscope, model GFL 65^ 63^ , Lenses 
used in the microscope were as follows: Complan eyepiece KEL, lOx; 
Achromat phase objective, 25x; and Achromat phase objective, 40x, The 
microscope was set at 250x for stomatal observations „ It was found that 
bright field illumination with a green filter and without phase contrast 
gave the best contrast for photomicrographs, To get better resolution for 
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raeasiixenxents, the image was taken with a camera, Honeywell Pen tax s pot-
ma tic, with a microscope adaptero Kodak panatomio-X 35 film with an 
ASA rating of 32 was used both years. Both years of anatomical research, 
the leaf surface impressions were enlarged to 980x for stomatal measure­
ments, In 1969» the black and white negatives were enlarged by a film 
strip projector and the measurements of stomatal width, length, and 
densities were taken directly from the projected image. In 1970, nega­
tives were enlarged to 980x by an enlarger on black and white kodabromide 
A-3 paper. Measurements were then made directly off of the enlarged 
picture, 
Stomatal apertures were measured as the width and length of well-
defined, or in-focus stoma ta. Poorly-resolved stoma ta. were not used for 
aperture measurements. Figures 10 and 11 show examples of the stoma ta 
impressions from the adaxial (top) and the abaxial (bottom) leaf surfaces. 
Degree of enlargement was determined by photographing a micrometer 
microscope slide through the microscope, 
2, Density-thickness determinations 
All leaves were examined for density-thickness (leaf dry weight/ 
leaf area), In previous research (22), the entire leaf was dried at 
approximately 80°C and weighed. The density-thickness was expressed as 
g/dm^ . In 1969 and 1970» the entire leaf could not be used for density-
thickness because part of the leaf lamina had to be used for anatomy 
measurements. Internal anatomy leaf sections were taken from the middle 
of the leaf lamina on each side of the midvein. This left the remainder 
Figure 10, Photomicrograph, of an impression of the adaxial leaf 
surface of an Amsoy leaf tested on August 13, 1970 o 
Picture taken at 250x and enlarged to 268x. 1 cm = 
37 
Figure 11, Photomicrograph of an impression of the abaxial leaf 
surface of an Amsoy leaf tested on August 13, 1970 
(same leaf as in Figure 10), Picture taken at 25Ox 
and enlarged to 268x, 1 cm = 37 p 
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of the leaf for density-thickness determinations o Four leaf punches were 
taken from each leaf with a noo 10 cork borer. These leaf punches were 
placed in capped vials and left at room temperature until the end of the 
testing period for the day© After leaf punches were dried for 24 hours 
at approximately 80°C, dry weights were takeno 
Leaf thickness was determined on every leaf tested by a mechanical 
micrometer with a readibility of one ten-thousandth of an inch» Equal 
tension could be applied to every leaf because the micrometer had a 
tension rachet. Thickness was determined immediately after the silicone 
rubber was applied upon removal from the chamber. It was determined in 
three locations where no "major" veins were present* 
3« PreTaaration of leaf cross-sections 
Leaf cross-sections were prepared differently in 1969 and 1970. In 
1969f free-hand cross-sectionsl were prepared, killed, fixed, and mounted. 
Free-hand sections were prepared by using a potato as a pith stick and 
slicing the potato and leaf simultaneously. By this method, it is possible 
to get sections only several cell layers thick (less than 50 p.) » 
The free-hand sections were placed immediately in 955^  ethanol for 
killing and bleaching. Woven wire baskets were used for ease of transfer 
from one solution to the next. Ethanol fixes the tissue in a reasonably 
natural state. After five minutes in 955^  ethanol, the sections were 
placed, briefly (5-10 sec), in a Fast Green in 95^  ethanol. Fast Green 
iLersten, N. R», Ames, Iowa, Cross-section technique. Private 
communication. 1969» 
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stains the cells sufficiently for indentification. After staining, the 
sections were rinsed for 15-30 sec in 100^  ethanol» Dostaining followed 
in a 1x1 solution of xyleneilOOjS ethanol (v/v) for one to two minutes. 
After destaining, the sections were moved to xylene for over three 
minutes to prevent stain from dissolving out and to prepare for mounting. 
Sections were mounted in a xylene-soluble resin, pLccolyte, Slides were 
stored horizontally for later examination and measurements. 
Leaf cross-sections in 1970 were prepared by free-hand sectioning 
without a pith stick. The thicker sections were desirable because they 
were cleared the same as leaf clearings explained in the next section. 
Leaf cross-sections and clearings were photographed through the 
microscope at 400x with bright-field illumination and green filter. The 
photomicrograph s were treated the same as for epidermal impressions 
mentioned earlier. In 1969» drawings were made from the projected image 
with a magnification of l600x. In 1970, enlarged photographic prints 
were made at the same magnification. Figure 12 illustrates a cleared 
cross-section of an Amsoy leaf, 
4, Preparation of leaf clearings 
Leaf clearings were prepared for the paradermal view of the leaves. 
It was believed this would give a three-dimensional perspective of the 
internal anatomy. After focusing on certain layers within the leaf, 
paradermal photographs were taken. Soybean mesophyH consists of two 
palisade parenchyma layers, a paraveinal layer, and a spongy parenchyma 
region (33» 3^ ) « These different regions are illustrated by Figures 13» 
14, 15, and 16. 
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Figure 12, Photomicrograph of a leaf clearing in cross-sectional view» 
Amsoy leaf tested Jvjly 23? 1970= Picture taken at 400x and 
enlarged to 442x. 1 cm = 23 p.o (upper epidermis, A; upper 
palisade parenchyma, B; lower palisade parenchyma, C; para-
veinal mesophyll, D; spongy parenchyma, E; and lower epi­
dermis, F) 
Figure 13«» Photomicrograph of a leaf clearing from a paradermal 
perspective (looking down on the leaf). Amsoy leaf 
tested ATigTOst 6, 1970 showing the upper palisade 
parenchyma cells. Picture taken at 400x and enlarged 
to ^ 2x, 1 cm = 23 11 
Figure 14. Photomicrograph same as Figure I3 except focused on the 
lower palisade parenchyma cells within the Amsoy leaf 

Figure 15 « Photomicrograph of a leaf clearing from a paradermal 
view, Amsoy leaf tested July 30» 1970; illustrating 
the paraveinal mesopihyll cells = Picture taken at 400x 
and enlarged to 442x. 1 cm = 23 ]i 
Figure 16» Photomicrograph of a leaf clearing from a paradermal 
view» Amsoy leaf tested July 23, 1970 î illustrating 
the spongy parenchyma cells. Picture taken at 400x 
and enlarged to 442ze 1 cm = 23 p. 
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Leaf clearings^  were prepared because they gave good resolution 
of cellular dimensions. About a square centimeter of leaf lamina was 
piLaced into 933^  ethanol for about a day to remove the chlorophyll» The 
remainder of cell contents were removed by two days in lOfa NaOH» In 
1969» leaf sections also were bleached in chlorox for a minute # Both 
years, bleaching was followed by three five-minute rinses of distilled 
water. Sections then were placed in aqueous chlorol hydrate (250 g/lOO 
ml EgO) for a day or more. Sections were stored in this solution until 
it was convenient to finish the clearings. Leaf clearings were rinsed 
in three changes of distilled water, by a dilution series. Sections 
were dehydrated. in three changes of 9^  ethanol for five minutes each. 
This was followed by five minutes in lOOjS ethanol. Prior to staining, 
the sections were placed for five minutes in a 1:1 (v/v) solution of 
xylene:100j6 ethanol. After five minutes in a staining solution of 
safranin in a 1:1 solution of xylene and lOOjS ethanol, the leaf clearings 
were destained in a 1:1 solution of xylenejlOOjè ethanol. Sections were 
then placed in xylene for a few minutes to stop destaining. Some problems 
were encountered with safranin precipitation within the leaf clearings, 
and some sections had to be restained. Clearings were mounted in 
piccolyte for horizontal storage, 
5» .Measurement and calculations of internal anatomy 
For stomatal measurements in I969, the entire area on the photographs 
was used, or approximately 6,5 x 10"*^  mm^ . From this sample area per 
L^ersten, N, R, , Ames, Iowa, « Leaf clearing procedure. Private 
communication, I969. 
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leaf, 3 to 10 stoma ta were measixred (width and length) and the entire 
number of stoma ta were counted per sample area. In 1970» about 3.2 
X 10~2 mmZ used for a sample. 
All other anatomical measurements were made on a leaf section of 
1.21 X 10^  This section was assumed to represent the entire leaf. 
The leaf section was square (l.l x 10^  p. X loi x 10^  p), Thus the 
cross-sectional area examined was also 1,1 x 10^  p in width. The 
anatomical measurements and calculations were similar to those used by 
Turrell (98, 99)» Turrell's procedure was slightly modified to fit 
the purpose of the study. There was also some major modifications 
between 1969 and 1970» When the paraveinal region was discovered, the 
anatomical measurements and calculations were changed to accommodate this 
additional defined layer, 1969 calculations were not changed to include 
this additional layer of cells, because the leaf cross-sections were not 
clear enough (poor resolution) for this change. 
Many measurements were taken on the defined sample of leaf tissue. 
Diameter of the palisade cells was taken on about ten cells per leaf. Cell 
length or thickness of the different cellular regions was measured as 
well. Length of upper palisade parenchyma cells was taken to represent 
the thickness of this region. Only cells of reasonable resolution were 
measured. Thickness of the lower palisade layer was measured in a similar 
manner. The paraveinal mesophyll layer was a single layer of cells in the 
plane of the phloem and zylem (see Figures 12 and 15), Thickness of this 
tissue was determined in three different places from the cross-sectional 
view in 1970 only. Thickness of the spongy mesophyll region (paraveinal 
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and spongy mesophyU. combined in 1969) was determined also in the cross-
sectional view in approximately three locations. Leaf thickness was also 
determined on the leaf clearings in three locations. A microscope stage 
micrometer was used to measure thickness by focusing on the adaxial sur­
face and then on the abaxial surface. 
Internal exposed surface areas of the various regions within the 
leaf were also of interest» In 1970» these parameters were estimated by 
measuring the total length of exposed cell walls (not bordering other 
cells) in the defined sample area per paradermal region* For each region 
the thickness was measured, as mentioned earlier, so a simple multipli­
cation gives an estimate of exposed surface area (Equation 11, 12, 13, and 
14"). The paradermal photomicrographs (Figures 13, 14, 15, and 16) were 
made at approximately the middle of the cellular layers. 
Su = Lu-Pu'k (11) 
Sy = exposed cell surface area of upper palisade parenchyma 
sample volume, 
Lg = length of upper palisade parenchyma cells, p. 
pjj = total length of exposed cell walls (not bordering cell walls) 
from a paradermal view of the defined sample volume (1,21 x 
10^  11^  X leaf thickness, T^ ) of the upper palisade layer, cm 
k = 6,25 which is a conversion factor for magnification (l600x) 
and cm to ]i meters 
(12) 
Sjj = exposed cell surface area of lower palisade parenchyma sample 
volume, y? 
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Spy - Lpy'^ o^k (13) 
Spy = exposed cell siirface area of paraveinal mesojijyil sample 
volume, 
Sg = (1^ ) 
Sg = exposed cell surface area of spongy parenchyma sample 
volume in 1970» 
(15) 
Sg = exposed cell surface area of spongy parenchyma sample volume 
in 1969, 
L = average number of spongy mesophyll cell layers (from cross-
sectional view), integers 
h^  = total length of exposed cell walls making an angle <^ 5° 
•with vertical for sample area (from cross-sectional view), cm 
hjj = total number of vertically exposed cell walls for sample area 
(from cross-sectional view), integers 
C = total length of spongy cell walls exposed for defined sample 
area (from the paradental view), cm 
Ag = total area of intercellular space for defined sample area 
(from the paradermal view) , planineter integers 
1@ = total length of exposed spongy cell walls making an angle>4^ ° 
with vertical for the defined sample area (from the cross-
sectional view) , cm 
1^  = total length of spongy cell walls (exposed + unexposed) making 
an angle >4^ ° with vertical for defined sample area (from the 
cross-sectional view) , era 
Sg - L hfC.39,06 2.42"10^ - 10.08'Ag le 
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39*06 = magnification factor and cm to p. conversion factor for 
and C 
2,42 X 10^  = 2 X leaf sample area (1.21 x 10^  p.^ ) 
lOoOS = magnification factor and constant to convert pLanimeter 
reading of Ag to 
In 1969» the exposed s-urface area of the spongy parenchyma layer was 
calcTxLated by a more elaborate method, similar to that of Tuirrell (98) . 
In 1970» the method was simplified because the simplified technique was 
easier and was beHeved sufficiently accurate for the purposes of the 
study. Equation 15 was used for the calculation of spongy parenchyma 
surface area, I969 anatomical measurements of the spongy parenchyma layer 
are in error because the paradermal section used for the measurements 
was actual "I y the paraveinal cell layer^ « Originally, it was thought that 
this was the spongy parenchyma» Hence, the I969 measurement of spongy 
mesophyll is an estimate of the internal exposed surface area of the 
paraveinal and spongy regions combined. In I969, some horizontally 
oriented cells were observed, but as it is a highly disorganized region, 
they were thought merely part of the spongy parenchyma « 
Volume of intercellular space is also of interest in this research. 
Volume of intercellular space per sample volume was estimated by measuring 
the area occupied by air in the paradermal sections and, then, multiplying 
by the thickness of the specific layer. For the palisade and spongy 
layers, it was more convenient to measure the cellular area from the 
j-he author is indebted to Jerry G. Cri swell for his bringing to my 
attention the Ph.D, thesis by Fisher (33)• 
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paradermal sections, and volume of intercellular space was determined 
by subtracting cellular volume per sample volume from the sample volume 
(Equation l6, 17, and 18), It is more efficient to measure the area 
occupied by air space in the paradermal section of the paraveinal layer 
(Equation 19)» 
Vu = Lu(l.21ol0^  - 5.039»Atj) (16) 
= volume of intercellular space in upper palisade parenchyma 
layer per sample volume, y? 
Ljj = length of upper palisade layer, p. 
Afj = total area of upper palisade parenchyma cells for the defined 
sample area (from the paradermal view), integers 
1.21 X 10^  = sample area, 
5»039 = magnification factor and constant to convert pLsmimeter 
integers for Ay to 
VL = L^ (l.21»10^  - 5.039'AJ^ ) (17) 
= volume of intercellular space in lower palisade parenchyma 
layer, p.3 
Vg = Ls(l.21-10^  - 5.039"Ag) (18) 
Yg = volume of intercellular space in the spongy parenchyma 
layer, yp? 
VpY = Lpy*apy*5o039 (19) 
Vpv = volume of intercellular space in the paraveinal mesophyll 
layer, ]i^  
apY = total area of interceHiilar space of the paraveinal mesophyll 
layer for a defined sample area (from the paradermal view), 
integers 
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Cellular volume is an important parameter, but it can be obtained 
by subtraction of volume of intercelliilar space from total volume of the 
tissue layer. Other interesting variables, e.g., surface/volume ratios, 
are obtained by division, 
6, Error analysis 
There are many possible sources of error in the anatomical measure­
ments , but there is considerable variability present in the leaves as 
well. Probably the smallest error is instrument error. The planimeter 
used for measurement of areas in this research was a Filotecnica 
salmorragi Type 236, Absolute error is small with a standard circle, 
usually less than 0.4^ , The chartometer used to follow the length of 
curved lines was a Tacro No, 4714© Error is small when checking it with 
a straight line—approximately 1^ , 
The larger error involves the ability to follow the lines with the 
instruments. This type of error was not measured or estimated. Probably 
another larger error is the occasional poor resolution of some cell walls. 
This is a problem, because missing observations are very critical when 
only four replications per variety are present. When part of the cell 
wall was obvious, the rest of it could be drawn with good assurance. The 
layer that has the poorest resolution, and consequently the most error, is 
the spongy mesophyll layer (Figure i6), so inferences drawn from these 
measurements will be limited. 
Another error is assumption of negligible surface area of the ends 
of palisade cells. There is no way of knowing the magnitude of this error, 
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because many of the cells appear to abut others; however, this may be 
an artifact of microscopic obsearvation» Assuming the middle of the 
various tissue layers represents the enij.re layer contributes another 
error. Also, exposed surface area of other cells in the leaf—e^ g», 
epidermal cells—may contribute to the exposed surface area related to 
net photosynthesis, too* Epidermal cell area was not estimated. 
The effect of killing, fixing, dehydrating, staining, and mounting 
on internal dimensions is unknown also* Using only one sample per leaf 
tested is a limitation, as is the small population of leaves tested for 
anatomy, Inspite of these limitations, it is believed the anatomical 
measurements should give some insight into net photosynthetic relation­
ship to cellular anatomy. 
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IV. RESULTS 
A« Statistical Analysis 
Varietal differences in the numerous measured and calculated 
variables were determined by statistical analysis of varianceo A 
completely randomized block design was used all three years. Blocks 
were treated as replications. One replication per day was performed in 
1969 and 1970. 
To facilitate varietal comparisons, a standard error of difference 
between treatment means was calculated, sg. This parameter allows one 
to use a suitable statistical test for treatment (variety) comparisons, 
such as an ISD test (LSD = t-sg) . To estimate the variability of a 
variable, the coefficient of variability, CV, was also calculated. These 
various statistical parameters are given in Table 32 of the Appendix, 
The correlation of various variables was also of interest in this 
study. The linear relationship between two variables can be estimated 
by simple correlation coefficients, r. Simple correlation coefficients 
were obtained by generating correlation matrices of all experimental 
units within varieties, among varieties, and among varieties and years. 
To help assign a certain degree of cause and effect to the association of 
variables, partial correlation coefficients and multiple regression analy­
sis were performed. 
Be Net Photosynthesis 
As mentioned in the introduction, part of the purpose of the research 
was to examine measured and calculated variables among years and varieties. 
Seasonal trends were examined also. 
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1, Variation among years and varieties 
Since an estimate of variation due to years and varieties is desired, 
one must consider aU other variables that changed among years and which, 
may affect the results « Table 2 shows the average conditions under which 
leaves were tested each year, (The reader is referred to Table 1 for the 
definition of symbols and their units.) The leaves were probably under 
more stress (atmospheric demand) in 19^ 9 than in other years. Higher 
leaf temperatures and higher vapor pressure deficits may have caused lower 
water potential in the leaves and, perhaps, some stomatal closure, Higher 
than optimum leaf temperature would result in alteration of the general 
metabolism of leaves, too. It is not known for certain whether these 
higher stress conditions did, in fact, significantly decrease net photo­
synthesis. Tests (see sections on response of leaves to humidity and 
temperature) indicated that these leaves were under near optimum condi­
tions, but the tests were limited in replication and were not conducted 
under steady state conditions® 
The most ideal conditions seem to be those of 1970 "where leaf tem­
perature equaled air temperature, and there was a low vapor pressure 
deficit between leaf and ambient air, and hi gh winds peed. However, the 
light flux density was less in 1970 as a result of OaSO^ . addition to the 
infrared absorbing baths, A test with one leaf indicated that the addition 
of CuSOi^  to the baths had no immediately detectable effect on net photo­
synthesis, The test with and without CuSOj^ ,^ was performed with a green­
house grown Harosoy leaf, with a net photosynthetic rate of 30, on April 
5, 1970. It is possible that field grown plants of higher photosynthetic 
88 























Light flux density 
Windspeed 
COg differential at 0 ppm ambient CO2 
CO2 differential at 320 ppm ajiibient COg 
Air flow rate into leaf chamber 
EgO vapor pressure deficit of air 
KpO vapor pressure deficit between leaf 
'"and air 
Relative hiomidity of chamber ambient air 
Relative humidity of chaniber egress air 
Leaf temperature 
Air temperature in leaf chamber 
Net photosynthesis at 320 ppm CO2 on leaf 
area basis (one surface) 
Net photosynthesis at 320 ppm CO2 on leaf 
dry weight basis 
Days after June 30 
CO2 evolution into 0 pp.u COp air in light 
Estimate of photorespiration 
CO, compensation concentration 
Estimate of "true" photosynthesis 
Transpiration rate 
Net photosynthesis at 320 ppm/transpi­
ration 









mg COo dm-2 kzrl 
mg CO2 g~^  hr~^  
Days 
mg CO2 dm"^  hr~^  
mg CO2 dm~^  hr~^  
ppm COg 
mg CO2 dm~^  hr"^  
g SgO dm-2 hr-1 
X 10"2g 002=2 B20"^  
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Table 1, (Continued) 
Term 
or Definition Units 
Symbol 
FcOglçhl Concentration of CO2 at the site of 
fixation ppm CO2 
-1 
Sum of resistance to CO^  diffusion -with 
P'^ zjchl ~ ® PP5 GO2 " sec cm" 
JVp Sum of resistance to COp diffusion with 
(P^ zlchl ~ r sec'cm"^  
+ rg Laminar and stoaatal resistance to COg 
diffusion sec•cm 
Laminar resistance to CO2 diffusion sec.cm"^  
Tg Stomatal resistance to CO2 diffusion sec'cm""^  
m^o MesophyU resistance to CO- diffusion, 
IP^ ZJchl ~ ® sec-cm"^  
r p MesophyU resistance to CO, diffusion, 
[COgjchl = r  ^ sec»cm-^  
mg CO2 
S Slope of net photosynthesis-C02 curve h-r ppm nn 
DT Leaf density-thickness godm~^  
DT-V Leaf density-thickness over midvein g*dm~^  
TH Leaf thickness in inches x 10"^  in 
Area Area of terminal leaflets dm^  
Width of stoma ta on adaxial surface p 
Width of stoma ta on abaxial surface n 
Lg^ jj Length of stoma ta on adaxial surface p. 
Lgj^  Length of stoma ta on abaxial surface p. 
a^d Density of stozata on adaxial surface noo of stomata/um^  
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Nab Density of stoma.ta on abaxial surface nc 1. of stomata/mm^  
Tm TH in microns F 
Tc Thickness of lamina, by microscope micro­
meter from leaf clearings V-
Length of upper palisade parenchyma cells R 
Length of lower palisade parenchyma cells F 
LpV Thickness of paraveinal mesophyll layer F 
Thickness of spongy parenchyma layer F 
% Diameter of upper palisade parenchyma 
cells F 
Diameter of lower palisade parenchyma 
cells F 
3 Exposed cell surface area of sample volume X 10^ ]i2 
S for upper palisade parenchyma layer X 10^ 
SL S for lower palisade jarencbyma layer X 10^ 
Spv S for paraveinal mesophyll layer X 10^ 
Ss S for spongy parenchyma layer X 10^ 
Sip Total exposed surface area for sample 
volume X 10^ ]i2 
Sji External surface area of sample volume X 10^ 
V Volume of intercellular space in sample 
volume X 10^ }i3 
Vu V for upper palisade parenchyma layer X 10^ p3 
V for lower palisade parenchyma layer X 10^ p3 
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Vpy V for paraveinal mesophyll layer X 10  ^
V for spongy parenchyma layer X 10  ^
Total volume of intercellular space in 
sample volume X 10  ^
Volume of sample X 10  ^
E^U Vg for upper palisade parenchyma layer X 10  ^
E^L Vg for lower palisade parenchyma layer X 10  ^
TEPV Vg for paraveinal mesophyll layer X 10  ^
E^S Vg for spongy parenchyma layer X 10  ^
%T Total sample volume X 10  ^
Vc Cellular volume in sample volume X 10  ^
"^ CU Vq for upper palisade parenchyma layer X 10  ^
C^L Vg for lower palisade parenchyma layer X 10  ^
"^ CFv Vq for paraveinal mesophyll layer X 10  ^
"^ CS Vq for spongy parenchyma layer X 10  ^
VQT Total cellular volume for sample X 10  ^V-^  
capacity may have responded differently to the test. To test the 1970 
chamber relative to the 1969 chamber, the same Harosoy leaf's net photo-
synthetic rate, with CuSO^ j, in the water bath, was measured aind the leaf 
was then inserted into the I969 chamber and net photosynthesis measured 
again. The approximate difference in net photosynthesis was 1,7 mg CO2 
dm"^  hr"^ , with the 1970 chamber giving the highest rate. 
Table 2, Means over varieties and realioations of several variables for three years « See Appendix 
for statistics. Each mean (except Light and Wind) represents 300, 96, and I56 observa­
tions for 1968, 1969, and 1970. Terras and symbols are defined in Table 1 





# 26b 4 138° 33? 27b 4ob 434^  508b 442b 12,4^° 16.5 7.0^  ^ 1705^ ° 21.3 7.0** 40bc 27 47 60bo 46^ * 73** 29^  32 26^  26^  29 26 
X 31.3 52.3 7.5 33.3 461 12,0 15.3 38 60 29 27 
®Mean winds peed by cross-sectional area of chamber, i968; anemometer in I969 and 19700 
o^t analyzed statistically, 
°Means of chamber 2 only, 
S^ignificant varietal variation (P<0,10)« 
•Significant varietal variation (P<0,05)o 
••Significant varietal variation (P<Oo01), 
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The experimental evidence given here does not necessarily imply 
that all of the yearly variation in net photosynthesis is a resiilt of 
experimental technique. The results could be confounded because an 
effort was made to improve the experimental conditionso In the litera­
ture review, it was stressed that there is a multitude of factors which 
may affect photosynthesis either directly or indirectly. Many of these 
factors of control may be modified by environment, and the environment 
is obviously different from year to year. 
Yearly variation in net photosynthesis probably is primarily a 
combination of effect of environment during growth and testingo Experi­
mental evidence suggests that much of the variation is a result of 
environment during growth. Table 3 presents the mean photosynthetic 
rates for the three years on a leaf area and dry weight basis. For 
yearly comparisons, the i968 photosynthetic means (22, 23) have been 
adjusted from 3OO to 320 ppm CO2. In I968 and 1970, varietal differences 
on a dry weight basis occurred also» 
Since four varieties were common to each year of testing, their 
photosynthetic rates are compared in Table 4- and Figure 17, Photosyn­
thetic rates of two other varieties, tested in 1970, also are given in 
Table 4, Net photosynthesis on a leaf area basis seems quite variable 
among years. Evidently, there is a variety by year interaction, or more 
likely, a variety by enviroment interaction. High photosynthesizing 
varieties were more variable than the low photosynthesizing varieties. 
Table 3 indicates that was lowest in i968. This might be 
explained partially by the fact that entire leaves were used for dry 
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Table 3» Mean yearly net photosynthetic rates on leaf area basis (P920) 
and dry weight basis (P^ ) o Experimental conditions are given 
in Table 2 
Tear 3^20 V No, of Varieties No, of Reps, 
1968^  38^  ^ 95* 20 15 
1969 36 120 4 24 
1970 iH)** 153* 6 26 
X 38 123 
%ry weight of entire leaf in i968 and from leaf punches in I969 and 
1970, 
A^djusted to 320 pjm CO^ , analysis of variance performed for 3OO ppn 
COg. 
•Significant varietal variation (P<0o05)o 
••Significant varietal variation (P<OoOl)o 
weight measurements in i968, but leaf punches were used in i969 and 1970. 
Leaf punches do not include the larger veins in their weight. This, 
however, does not explain the difference between i969 and I97O results. 
2. Seasonal trends 
Net photosynthesis also seems to vary within a year. Figures 18 to 
21 show seasonal trends in net photosynthesis for four varieties tested 
three years. Table 5 presents simple correlation coefficients of net 
o^tosynthesis with days after June 30 and the same variable squared 
(days^ )• These coefficients indicate that, in general, net photosynthesis 
increases during the season. These trends, however, were quite variable— 
e.g., 1968 correlations were generally higher than in i969 and 1970, The 
95 
Table Mean varietal net photosynthetic rates on leaf area, 
and leaf dry weight, P^ t» bases. Experimental conditions 
were as listed in Table 2o Varieties were significantly 
different in I968 and 197o and not in i969 
Variety Year 3^20 w^t 
Corsoy 1968 7^ 102 
1969 36 119 
1970 44 155 
X 42 125 
Amsoy 1968 45 100 
1969 38 119 
1970 40 149 
X 41 123 
Hawkeye 1968 34 89 
1969 36 124 
1970 37 147 
5c 36 120 
Richland 1968 35 100 
1969 34 118 
1970 34 14? 
X 34 122 
Provar 1970 42 156 
Lindarin 1970 42 165 
developmental stage of the plant and the age of the leaves seemed to 
sometimes significantly affect the photosynthetic rate. Experimental 
data (Experimental Procedure section) indicated that the youngest, fully-
expanded leaves were tested until Aug. 14-18 (Day 4^ -49) when leaves began 
to age (days after full expansion). Figures 18 to 21 indicate that net 
photosynthesis began to decrease around Day 50, i969. This decline in 
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Figure 17. Yearly variation in mean varietal net photo synthetic rates, 
P^ 20® Experimental conditions are given in Table 2 
Figure 18, Variation in net photosynthesis of Corsoy during the 
seasons of 1968, I969, and 1970. Experimental condi­
tions were as given in Table 2, Each point represents 
one measurement (leaf). Arrow indicates date of 
beginning seed formation stage (largest pod full 
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Figure 19. Variation in net photosynthesis of Amsoy during the 
seasons of 1968, 1969» and 1970» Experimental con-
conditions were as given in Table 2, Each point 
represents one measurement (leaf) « Arrow indicates 
date of beginning seed formation stage (largest pod 
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Figure 20, Variation in net photosynthesis of Hawkeye during the 
seasons of 1968, 1969» and 1970g Experimental condi­
tions were as given in Table 2, Each point represents 
one measurement (leaf) » Arrow indicates date of 
beginning seed formation stage (largest pod full 
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Figure 21, Variation in net photosynthesis of Richland during the 
seasons in 1968, 1969» and 1970# Experimental condi­
tions were as given in Table 2. Each point represents 
one measurement (leaf) « Arrow indicates date of 
beginning seed formation stage (largest pod fuU 
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Table 5« Simple correlation coefficients between net photosynthesis 
(P^ OO P320) days after Jime 30 (Day) and (Day)^ o 
Correlations are between individual observations within and 
among varieties 
Variety Tear Day Day2 
Corsoy 1968 .80*^  .83** 
1969 —olO -.13 
1970 0O5 ,01 
Amsoy 1968 .46 .50 
1969 .39 .38 
1970 .08 .11 
Hawkeye 1968 A5 .48 
1969 .27 .24 
1970 .24 ,25 
Richland 1968 .62* 
1969 .62** .60^  ^
1970 .43» .46* 
Provar 1970 .31 .32 
Ldndarin 1970 .46^  AT* 
Among Varieties 1968 .45^  ^ .48*^  
1969 ,ZQ** .26* 
1970 ,Z2** ,23^  ^
•Significant (P<0.05)o 
••Significant (P<0o01), 
net photosynthesis may be a result of declining single leaf efficiency 
(leaf age) or the plant's physiological stage of development (plant age). 
Insertion level of the leaves on the main stem seems to affect 
significantly the rate of net photosynthesis. The leaf insertion level 
effect could be related to physiological stage of development of the 
plant. The seasonal trends of i968 may be related to the increased 
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demand for photosynthate by pods» This is suggested because the sudden 
increase in net ^ otosynthesis that occurs around the first week of 
August coincides with the beginning of pod-filling (bean growth) • 
Seasonal trends in 19^ 9 are more complicated» Net photosynthesis, 
in general, increases around the first week in August, as in 1968, but 
it seems merely recovering from an earlier depression in photosynthesis « 
That is, initial measurements of photosynthesis were high, too» There 
were no significant time Impends in 1970 o 
C. Light Respiration 
The two estimates of light respiration used in this research, 
(CO2 evolution in zero-COg and light) and R^  (R^  adjusted for CO2 diffu­
sion resistances), are considered minimal estimates<> Tables 6 and 7 
show the variation in estimates of light respirationo COg evolution, RQ, 
was much lower in i968 compared to I969 and 1970. It is possible that 
this difference may be a result of lower winds peed in I968, but if so, 
photosynthesis should have been lower too* Varietal differences in RQ 
were evident all three years» Also R^  was correlated with P32O ^  1969 
and 1970 (Table 8)• CO2 evolution increased during the season» 
Adjusted CO2 evolution, R^ , is considered a better estimate of 
photorespiration (89), Its seasonal variation was very large, compared 
to RQ, in 1968 but not in 1970 (see Appendix, Table 32), In general, Rg 
varied similarly to RQ, statistically, except it was larger in magnitude. 
Rg was much higher in I969 than in i968 and 1970. True photosynthetic 
rate, Pj^ , was estimated by addition of P32O and R^ » 
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Table 6« Mean yearly estimates of light respiration» Experimental 
conditions were as given in Table 2. (CO2 evolution in zero-
CO2 and light, R^ ; RQ adjusted for diffusion resistances, 
true photosynthesis, CO^  compensation concentration, P) 


















* 7.6 15 52 .29 54 
*1968 and 1969 variables R^ , and R^ /Pj^  are calculated from yearly 
means, I968 are for chamber 2 only. 
TJot analyzed statistically^  
S^ignificant varietal variation (P<0.10)o 
•Significant varietal variation (P<0o05)o 
••Significant varietal variation (P<OoOl), 
The proportion of true photosynthesis accounted for by respiration 
c^/^ i approximately 295^ . In I969, a higher proportion of photosyn-
thate was photorespired than the other years. There were no varietal 
differences in Rg/P^  in I968, the one year this parameter was analyzed 
statistically. 
The magnitude of the CO2 compensation concentration, P, also, may 
indicate the magnitude of photorespiration, P was lowest in 1968 and 
highest in I969, Varietal differences in P were demonstrated only in 
1970, P seems negatively correlated to net photosynthesis and positively 
correlated to R^  (Table 8), 
In summary, net photosynthesis seems positively related to Rg and Rç 
and negatively correlated to P, 
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Table 7» Mean varietal estimates of light respiration» true jihotosyn-
thesis, and proportion of true photosynthesis accounted for by 
Rg (diffusion resistance adjusted CO2 evolution). Significance 
of varietal variation given in Table 6, Experimental conditions 
as given in Table 2 
Variety Tear Ro Rc r i^ Rc/Pi 
Corsoy 1968 6.4 16 37 63 .25 
1969 9.1 21 66 57 .37 
1970 8.9 12 54 56 .21 
X 8,1 16 52 59 .28 
Amsoy 1968 5.8 15 37 60 .25 
1969 9.7 23 67 61 .38 
1970 8.3 11 56 51 .22 
X 7.9 16 53 57 .28 
Hawkeye 1968 5.5 13 41 47 .28 
1969 8,8 19 63 55 .35 
1970 8.1 10 58 47 .21 
X 7.5 14 54 50 .28 
Richland 1968 5.0 11 39 46 .24 
1969 8.4 19 66 53 ,36 
1970 7.7 10 60 44 .23 
X 7.0 13 55 48 .28 
Provar 1970 8.5 11 54 53 .21 
Lindarin 1970 8.4 11 54 52 .21 
D. Diffusion Resistances 
Diffusion resistances were calcinated for all three years (Tables 9 
and 10). Congelation coefficients of several resistance related variables 
are given in Table 11, Transpiration rates are presented in this section, 
because they were required for the calculation of diffusion resistances. 
Net photosynthesis-transpiration ratios were calculated as well. 
Table 8, Simple correlation coefficients with estimates of light respiration between individual 
observations within and among varieties, (CO? evolution in zero-C02 and light, Rgj 
days after June 30» Day; net photosynthesis, Rq adjusted for COg diffusion 
resistances, RQJ COg compensation concentration,T) 
Variety Year Rg-Day 
^o"^320 ^0-^320 r-p320 r-ilo r-Day 
Corsoy 1968 .50 -013 .74** -.13 
1969 ,06 .55** — -.67** -.16 .28 
1970 .39* ,20 .09 -t6M* .60** .31 
Amsoy 1968 .27 -.49 .35 -.49 
1969 ,40» .55** -c60** .33 -0o3 
1970 .53** .39* .18 -.63** .43* .34 
Hawkeye 1968 .58* .31 .91** .31 
1969 ,26 062** -.24 ,61*» .08 
1970 ,02 .63** .35 -.63** ,17 -.19 
Richland 1968 
.33 MM •MM -.46 .78** -.46 
1969 0o7 ,50* — 
-.74** ,20 -.67** 
1970 .38 ,66f* ,52** 
k
 1 .16 -.16 
Provar 1970 .62** .63** -.46* .39* .17 
Lindarin 1970 ,28 A5* .#• -.25 .74** -.05 
Among Varieties 1968 -.18*^ ,68** -,18* 
1969 .19 .56** — 
-.59** o26* -.06 




Table 9« Mean yearly transpiration rate (Tr), net photosynthesis to 
transpiration ratios (P/Tr), slope of the CO2 response curve 
(S), sum of resistances to diffusion of COg assuming 
= 0 ; sum of resistances to diffusion of CO2 assuming 
J'^ glchl ~ ^  (&f)» sum of stomatal and "I ami.'nar resistance 
r^ , 1 ftïïri.nar resistances (r^ ) , stoma tal resistances (r.), 
mesophyll resistance assuming |50g]p,^ -| = 0 (rg^ g), and mesopSyll 
resistance assuming PO2] chl ~ » (r .jU Experimental conditions 
as given in Table 2 






























X 3.7 1.1 .14 6.2 5.2 2,4 0.97 1.4 3.8 2.9 
*1968 data was calculated from yearly means of chamber 2 only for 
variables Tr, P/Tr, r^ +rg, r^ , rg, rmo, 
%Not analyzed statistically. 
C^alculated from means. 
"^ Significant varietal variation (P<0.10). 
•Significant varietal variation (P<0.05)o 
••Significant varietal variation (P<O.Ol). 
Transpiration rate, Tr, was correlated with photo synthetic rate. 
Loss of water from a leaf is a function of vapor pressure gradient from 
the evaporative surface within the leaf to the external edge of the 
boundary layer (VPDL) « Transpiration is also affected by physical resist­
ances to H2O diffusion. Table 2 indicates tba.t there were varietal 
differences in vapor pressure gradient; hence, one might expect varietal 
differences in Tr, As a consequence of higher VPDL, I969 data exhibited 
Ill 
Table 10, Mean varietal transpiration rate, net photosynthesis to 
transpiration ratio, slope of COg response curve, and 
diffusion resistances for three years» Experimental 
conditions are as given in Table 2» Significance of 
varietal variation given in Table 9 






























































































































































the highest Tr« P/Tr ratios vere fairly constant, with varietal differ­
ences being significant in 1970. There was a ratio of about 100*1 (w/w) 
of H2O evolution to net CO2 uptake. 
The slope of the net photosynthesis versus jC02] curve was signifi­
cantly different among varieties each of the three years* The magnitude 
of the slope seemed very consistent among years. The reciprocal of the 
Table 11, Simple correlation coefficionts with transpiration and diffusion resistancea, between 
individual observations witliin and among varieties for three years 
Variety Year 
Tr ra + rg i'320 































































































































slope is proportional to ^ p» which is siam of resistances to molecular 
diffusion of CO2 from the atmosphere beyond the boundary layer to the 
site of fixation. %r^  assumes that the concentration of CO2 at the site 
fixation [COz] chl equal to the CO2 compensation concentration. £ro 
was also calculated, which is the stm of resistances assuming {CO9] 
equals 0 ppm C02« Estimates of the sum of resistances to diffusion of 
CO2 include all physical resistances and, perhaps, some chemical resist­
ances, They have an obvious negative correlation with net photosynthesis • 
Sum of 1 Ain-innT and stomatal resistances is useful because it requires 
less experimental determinations and assumptions than rg alone, r^  ^+ rg 
was of about the same magnitude in I968 and 1969, but it was much lower in 
1970» Different wieking material was used in the psychrometers each 
year, and 1970 wicking seemed the most satisfactory. It is not believed 
that the large difference in magnitude of rg^  + rg among years was entirely 
an artifact of experimentation. Perhaps, the higher winds peed and the 
plant material in 1970 were responsible, in part, for the low r^  ^+ rg. 
r^  + rg had a high negative correlation with net photosynthesis 
(Table 11), This high correlation implies laminar and stomatal control 
over net photosynthesis. This control would be essentially physical in 
nature, r^  ^+ rg appeared to vary over the season in an unpredictable 
manner, was generally negatively correlated to r^  ^+ rg. These results 
indicate a possible physical resistance to influx and efflux of CO2 to 
partially regulate jiiotosynthesis and respiration, 
Taminar resistance was estimated all three years but was statistically 
analyzed only in I969 and 1970 (r^  ^was not analyzed in i968 because 
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variation in r^  was solely a function of the experimental procedure and 
not the leaf). In 1969 and 1970, r^  ^was a function of leaf area- air 
temperature, and leaf temperature. To estimate r^  with large leaves 
in 1969 and 1970 required extrapolation beyond the experimental data 
obtained with wet blotters. This extrapolation was held to a Tnirirmm 
in 1969 by treating all leaves larger than Oo5 dm^  as Oo5 dm^  for pre­
diction of This was not done in 1970 and, probably resulted in an 
over-estimate of r^  for large leaves» Significant differences in r^  ^for 
1970 are believed a result of differences in leaf area, 
Stomatal resistance was derived by subtraction ((r^  ^+ rg) - r^ )^, 
and hence, depended upon the accuracy of r^  ^estimation. For this reason, 
rg values are not considered as accurate as r^  + rg. Magnitude of rg 
varied greatly among years with 1970 being very low. It is believed the 
very low rg in 1970 is an artifact of measurement. For example, rg for 
Provar was negative. The low r^  in 1970 may be, in part, a result of 
over-estimating r^ .^ Nevertheless, rg in 1970 was still quite small, 
perhaps indicating an actual lower stomatal resistance to CO2 diffusion 
too. Because of negative values in 1970, fg was not analyzed for varietal 
differences. There were, however, varietal differences in 1968, but not 
in 1969. rg was highly negatively correlated with net photosynthesis in 
1968 and 1969, 
Two different types of mesophyll resistances were calculated; 
represents mesophyll resistance based upon the assumption that [002]chl 
equals 0 ppm, rj^ p assumes equals P» was significantly 
different among varieties in i968 and 1970o This resistance was higher 
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in 1970» perhaps as a consequence of artificially low r^  ^+ rg values. 
The magnitude of r^ p is about 1 sec*cni~~ lower than rj^ Q, As expected, the 
rjgQ and r^ p^  are highly negatively correlated with 
It is desirable to know what proportion of the variance in P^ 20 
attributable to r^  ^+ Tg or rj^ p. By multiple linear regression of inde­
pendent variables, + rg and r^ p, with the dependent variable, P^ EO» 
was possible to estimate the proportion of sum of squares due to r^  ^+ rg 
and Tjj^ p independently (Table 12)» + rg and rj^ p combined accounted for 
8]^  and 91^  of the variability in P320  ^19^ 9 and 1970* a^. s^ 
counted for 22S^  and 13^  of the variation in P32O ^  1969 and 1970 after 
the variation related to r^^p was removed. After the variation in P32O 
related to r^  ^+ rg was removed, r^ p^ accounted for 15^ 5 and 53^  of the 
variation in P320  ^19^ 9 and 1970. Partial correlation coefficients 
indicated similar relative relationships of r^  + rg and r^ p^ with P320* 
In 1969, r^  ^+ rg was more negatively correlated to P320 (holding r^ p 
constant) than r__ (Table I3). though, the difference is not great. In 
1970, r^ p was more negatively correlated to P320 than r^  ^+ rg. It thus 
seems that P320 controlled more by r^  + r^  in I969 and more by r^ p 
in 1970. A similar relationship is shown for partial correlation of RQ 
with r^  + rg or r^ p^ holding rj^ p or r^  + rg constants 
E. Leaf Thickness and Density-Thickness 
Density-thickness, DT (weight of leaf lamina per unit leaf area), 
earlier was postulated a possible selection index for photosynthetic 
efficiency in soybean lines (22, 23). Density-thickness of the leaves 
né 
Table 12. Analysis of variance of multiple regression of laminar plus 
stoma ta resistance (r^  + rg) and mesopbyll resistance (r^ p) 
on net photosynthesis (P320) for 1969 and 1970o %20 = 
bo + biCr^  + Tg) + b^ Crmrl 
Year Source df SS r2 
1969 Due to Regression 
Due to bp, bi, b2 
Due to b^ /bo, bg 



















1970 Due to Regression 
Due to bo> bi, b2 
Due to bi/bo, b2 



















Table 13. Partial correlation coefficients of net photosynthesis with 
diffusion resistances—96 observations in 1969 and I56 in 1970 
Correlation^  Tear r 
















N^otation! P320» ^ a s^'^ mr indicates correlation between P32O 
+ rg at a single value of r^ p^. 
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varied among years and varieties (Tables 14 and 15) » DT was highest in 
1968, perhaps a result of using the entire leaf rather than leaf punches, 
which were used in I969 and 1970. The lower density-thickness of 1970 
relative to I969 must be in part a result of environmental differences 
between years. In general, DT was highly correlated to P-^ 20 the 
three years, with the lowest correlation during I969 (Table I6). Corre­
lation of DT with P32O •within varieties was quite variable—e.g., Corsoy 
in 1968 versus 1969 and 1970. 
DT over the midvein, DT-V, was measured in 1969 to determine whether 
the DT-P32O correlation was partially a result of the midvein or leaf 
lamina. The results indicate a lower correlation for DT-V than DT with 
3^20* Thus, the correlation of DT and P^ 20 probably not a result 
of densiigr or thickness of the midvein conducting tissue. 
The correlation of DT and TE with P32O of about the same 
magnitude, and the correlation of DT with TE is high, which implies that 
thickness, as opposed to leaf density, is the character most closely 
related to photo synthetic rate. 
Variation in leaf net photosynthesis among years can not be entirely 
explained by differences in leaf morphology, as indicated by DT, TE, and 
leaf area, P32O related to DT less in I969 than in 1968, Leaves 
were larger in area and thinner in 1970 compared to I968 and 1969. In 
1969 and 1970, leaf thickness was negatively related to area, indicating 
the larger the leaves the thinner the leaves. Larger leaves also have a 
lower photosynthetLc rate, although in general, this is a weak relation­
ship. 
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Table 14. Mean yearly density-thickness (DT) , density-thickness with­
in midvein tissue (DT-V), lamina tMckness (TH), and leaf 
area (Area) «, Experimental conditions are given in Table 2 
Year DT^  DT-V TH Area 
1968 o40** — — 068* 
1969 .30»* .43* 82»» .69** 
1970 .26»» — 73** -79** 
5c .32 A3 78 .72 
C^alculated for entire leaf in 1968 and leaf punches in I969 and 
1970. 
»Significant varietal variation (P<0,05). 
»»Signi ficant varietal variation (P<OoOl), 
Leaf size generally decreased during the season (Table 16). This was 
accompanied by an increase in density-thickness. Apparently a large 
portion of the increase in DT was accounted for by an increase in 1 Ami tia 
thickness. Then, in general, the seasonal trends were a decrease in leaf 
area and an increase in thickness and P320» 
A partial correlation was performed between P32O DT, holding TH 
constant (Table 17) « Also P32O was correlated with TH, holding DT con­
stant. These pEirtial correlations indicate lower correlations than simple 
correlations because of their common association (DT is correlated with 
TH) e In 19701 DT seems to be more related to P32O TH is related to 
P320» the difference is small. DT and TH in I969 were similarly 
correlated with P320» The partial correlation of P320 and DT, holding TH 
and area constant was greater than when only Œ was held constant, though 
the difference is small. Since DT and P320 &re associated with seasonal 
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Table 15» Mean varietal density-thickness, density-thickness within 
midvein tissue, 1 pirrina thickness, and leaf area. Experimental 
conditions are given in Table 2. Significance of varietal 
variation given in Table 14 
Variety Tear DT DT-V TH Area 
Corsoy 1968 .46 .61 





.35 .42 85 .61 
Amsoy 1968 «45 .68 
1969 .32 .46 85 068 
1970 .27 — 74 .72 
X o35 .46 80 .69 
Hawkeye 1968 .38 _ ,70 
1969 .29 .43 79 .74 
1970 o25 — 72 .83 
X .31 .43 76 .76 
Richland 1968 
.35 069 
1969 .29 .43 75 .74 
1970 .23 
— 65 .86 
.29 .43 70 .76 
Provar 1970 .27 _ 73 .90 
Lindarin 1970 .25 
— 73 ,80 
trends (Days after June 30), P320 ^ Jid DT were correlated holding Day con­
stant. There was a lower correlation between P320 and DT holding Day 
constant compared to the simple correlation of P^ 20 &iid DT. The corre­
lations were not much smaller, however, indicating their common associa­
tion with Day was not too great. 
Since DT and TE were earlier suggested as possible selection indexes 
for P32O ^  lines of soybeans, genetic correlation coefficients (rg) were 
Table l6. SiraixLe correlation coefficients with density-thiokness, leaf thickness, and leaf area 
between individual observations within and among varieties for three years 
P32O Area DT DAY 
Variety Year 

















































































































































Table 17, Partial correlation coefficients of net photosynthesis with 
density-thickness and thickness—96 observations in 1969 and 
156 in 1970 
Correlation Tear r 































Table 18, Genetic (r ) and simple (r) correlation coefficients of net 
photosyntiiesis (P370) with leaf density-thickness (DT) and 




DT TH DT TH 
1968 0,93 0,71 
1969 1.23 1.18 0.43 0.43 
1970 0.96 0.92 0,60 0.58 
calculated (Table 18), The reader is reminded that the rg's are estimates 
and hence, it is possible to have a correlation larger than 1,00, The 
genetic correlations are quite high between P320 and DT and TH, In I969, 
the genetic correlations were highest and simple correlations were lowest 
of all three years. 
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F. Anatomy 
One of the purposes of the research was to examine the internal 
anatomy of the soybean leaves, and to study the relationships between 
anatomy and net photosynthetic rate, Fooir leaves were examined per 
variety each year in I969 and 1970. These leaves were measured about a 
week apart. Thus, the data will give some indication of varietal, yearly, 
and seasonal variation in anatomy. 
1, Stomatal apertures and density 
Stomatal apertures and densities were measured from epidermal 
impressions of the leaf surfaces. It is possible that the aperture 
estimates are subject to some error, because of stomatal closure while 
the silicone rubber was drying, and/or the silicone rubber does not give 
an accurate impression of the smallest portion of the stomatal pore. It 
is believed that these aperture measurements can give a rough idea of the 
relative openings, however. The stomatal densities are accurate, but 
of limited sample area,. 
There was little varietal difference in the various aperture measure­
ments (Table 19). Width of stoma ta on adaxial surface, only was 
significant in 1969» but not in 1970. The stoma ta were wider in 1969 
than in 1970. Stoma ta on the abaxial surface were wider than those on the 
adaxial surface of the leaf. Felch (32) also reports smaller apertures on 
the adaxial surface of Frovar and Hark varieties. Lengths of stomata 
apertures were about the same both years and on both surfaces and were not 
significantly different among varieties. 
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Table 19. Mean net photosynthetic rate (J^ 20) » width of stoinata on 
adaxial and abaxial surfaces and W , ) , length of stoma ta 
on adaxial and abaxial surfaces and L^ b)» density 
of stoma ta on adaxial and abaxial surfaces a^b^  of 
four leaves per variety per year 







































































































X 38.5 3.3 5.8 11.6 11.5 225 449 
"^ 'Significant varietal variation (P<OolO)o 
••Significant varietal variation (KOgOl)» 
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Differences among varieties in stomatal densities on the adaxial, 
Nads were significant in I969, and both years varietal differences on the 
abaxial surface, were significant. There were approximately twice 
as many stoma ta on the abaxial surface. Felch (32) reports three times 
as many stoma ta on the abaxial surface of soybeans. There were also 
fewer stoma ta per unit leaf surface in 1969 compared to 1970. 
Net photosynthesis was correlated with some stomatal parameters, but 
none were consistently highly correlated (Table 20), In general, P32O 
was positively correlated with and There was, however, 
much variability between years and among varieties. Laminar and stomatal 
resistance, r^  + rg, was, in general, negatively correlated with all 
stomatal parameters. 
Seasonal trends (Table 20) seemed quite variable among years and 
varieties. Some stomatal attributes in some varieties seemed highly 
correlated with days after June 30, However, the correlations «wn-ng 
varieties and years were small and not significant, 
2, Gel1"1ftr and tissue Hitensions 
Thickness of the leaf clearings, Tg, was examined microscopically to 
compare with fresh-leaf thickness measurements, T^ .^ They were not expected 
to agree perfectly, because of chemical alteration of the clearings and 
sampling errors. They were, however, quite similar in magnitude (Table 
21), which indicates that the chemical may not have altered the cellular 
dimension too greatly. The soybean leaves were about 200 p. thick. Table 
21 gives the varietal and yearly means of leaf thickness and other dimen­
sions, Varieties differed, significantly, in Tj^  and T^  both years. 
Table 20, Simple correlation coefficients with width of stomata, length of stomata, and density 
of stomata between individual observations within and among varieties for two years, 
and among varieties and years* 
F320 ra + rg 
Variety Year 
Wad Wab a^d I'ab Nad Nab Wad Wab Lad 
Corsoy 1969 .95* -.30 .63 -.72 .3^  08o -.55 —,46 -.74 
1970 -.29 -.45 .71 -.71 -.90 065 -,58 -,66 .83 
Amsoy 1969 .87 .85 .96* ,04 -,23 -.86 
-.79 -.90 -,98* 
1970 ,61 .67 .31 ,90 
-.55 -.01 -.46 .53 ,94 
Eawkeye 1969 .99** .57 .76 .38 -,48 -.46 -oOO -.51 -.42 
1970 ,20 -.50 -.15 
-.39 .91 .42 -„01 .78 .16 
Richland 1969 .51 -.32 .98^  .17 .69 .17 -.44 .30 -.80 
1970 —,06 .55 -,16 -.24 .19 -.16 -.32 -.85 «15 
Provar 1970 .40 .85 -,08 IcOO** -.18 .36 -.68 -,80 ,68 
Lindarin 1970 .74 .70 .91 -.13 -.49 .23 -.92 -.91 -.82 
Among Varieties 1969 .QZ** ,22 
.77** .09 .29 .35 -.51* -.25 -.68+^  
19?0 .21 .50* 
.37 .24 -.17 ,uo* -.31 -.57** -.09 
Among Varieties 
and Years -oOl 065** -«12 .24 A3* -«05 .44* -,54** 
®Common simple correlations over the four common varieties for I969 and 1970* 
•Significant (f<0.05). 
••Significant (P<0,01). 
Table 20• (Continued) 
Variety ïear «IT IW 
Corsoy 1969 -,4l ,28 .36 .29 
1970 -.02 
-.79 ,10 .17 
Ainsoy 1969 -.07 -.15 .77 .17 
1970 .46 -,04 -.71 -.26 
Hawkeye 1969 -.85 -.51 .75 .57 
1970 .76 -.80 -.72 
-.95* 
Rioh].and 1969 .18 
-.53 ,41 .33 
1970 -.12 -.01 
-.25 .05 
Provar 1970 -.81 -.38 -,81 -061 
Lindarin 1970 —,18 .55 -.57 -,85 
Among Varieties 1969 -,26 -.40 — oil .27 






Wab Lad Lab Nad Nab 
.71 -.09 -.94 .57 .95* 
,02 .23 -.66 -.53 .51 
,01 .29 -.65 —.86 -.81 
.27 1,00** «31 -.36 -.89 
99** .38 .80 ,40 -.34 





41 .89 .21 .77 .50 
39 -.67 -.01 .72 —,08 
03 
.97* .09 -.77 -.73 
68 
-.23 .12 -.19 -.48 
01 .41 -.16 .07 -.00 
04 .32 .01 -.10 -.01 
.22 ,27 .10 -.20 -.17 
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Table 21, Mean leaf thickness measured by mechanical micrometer (IL), 
leaf thickness from leaf clearings by microscope micrometer 
(TQ) , thickness of upper palisade layer (Lxj) , thickness of 
lower palisade layer (I^ ), thickness of paravexnal layer (Lpv), 
thickness of spongy mesop^ yll layer (ig), diameter of upper 
palisade cells (D^ , and diameter of lower palisade cells (%) 
of four leaves per variety per year 







































































































X 193 210 41,1 37.7 8.3 9.2 
T^hickness of paraveinal and spongy mesopbyll layers combined, 
'^ 'Significant varietal variation (P<0,10), 
•Significant varietal variation (P<0o05)a 
•^ Significant varietal variation (P<0,01), 
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Among varieties and years, Tj^  and TQ were both highly correlated with 
P320 (Table 22), and also increased during the season in 1969s but 
not in 1970» Partitioning leaf thickness into various tissue thicknesses 
gives an estimate of relative importance of specific tissues. The upper 
palisade cells, L^ j, were longer in I969 than 1970. Upper palisade cells 
were also slightly longer than the lower palisade cells, Li,, in 1969* but 
not in 1970# The longer upper palisade cells were also of smaller 
diameter, Dg, than lower palisade cells, D^ . Thickness of the paraveinal 
layer, Lpy, is about 1/3 to l/4 that of the other tissue layers. In 1969» 
paraveinal and spongy mesophyll thickness, Lg, were combined in measure­
ment, Of the specific tissue dimensions, significant varietal differences 
were exhibited only for Ig in 1970. 
Correlations of the various tissue dimensions with P320 &re presented 
in Table 22. Thickness of all tissue layers in the leaf were positively 
correlated with P320* indicating that each may contribute to the variation 
in leaf thickness. In 1969» all tissue thicknesses increased during the 
season; however, this was not true in 1970, In 1970, only the paraveinal 
layer increased during the season, Mesophyll resistance was negatively 
correlated with all tissue thicknesses. 
Diameters of palisade cells were poorly correlated with net photosyn­
thesis (Table 22), The cell diameters did not show any strong trends dur­
ing the season. They were not highly correlated to r^ ^^  either, but 
there was a trend toward a negative correlation with r^ ^^ » 
Table 22. Simple correlation coefficients with leaf thickness, thickness of various tissues with­
in the leaf, and diameter of palisade cells between individual observations within and 
among varieties for two yeai'S, and among varieties and years 
P32O 
variety xear 
tm i'o Lu kj Lpv l6 Du 
Corsoy 1969 .77 .57 .64 .46 .55^  .23 .80 
1970 .25 o72 -«25 -.39 .43 «56 .10 -.48 
Amsoy 1969 .88 .59 .81 .53 .35 -.44 -.18 
1970 .90 .22 .91 .78 -.97* .64 —.18 .77 
Hawkeye 1969 .93 .92 o92 .79 .86 -.22 .04 
1970 .58 .19 .73 .78 -.46 -.20 .61 .20 
Richland 1969 .83 .28 085 .83 .35 -067 -.56 
1970 .21 .38 -.40 -.13 .57 .77 -.40 .52 
Provar 1970 .89 .94 .56 .65 —.01 .88 .89 .99** 
Lindarin 1970 .14 .37 .47 .39 «47 .61 .10 .25 
All Varieties 1969 .82** .68** .72** «69** .61* .09 .01 
1970 .72** .72** .45* .39 .39 .48* .01 .26 
Among Varieties . , 
and Years .65** .70** .36* .36» -.09 .04 
C^ombined thickness of paraveinal and spongy mesophyll layers. 
•Significant (P<0c05). 
••Significant (P<0.01). 
Table 22. (Continued) 
DAY 
Variety Year 











































































































and Years .49** -.09 .50** .50** .56** .07 .09 











Tm To lu ll lpv la do % 
1969 -.90 
-.79 ",86 -.72 -.78 -.43 -.56 
19/0 -.13 —«80 cl5 ,20 -,28 -.41 -.25 ,28 
1969 -.96* —*81 -.92 -.70 -o59 .19 -.13 
1970 -.96» -,01 -085 -.89 ,91 
-.73 -,03 -.80 
1969 -.94 -,90 
-.93 -083 -.90 .19 ,04 
1970 —,88 -«48 -.69 
-.73 .89 -.92 -.86 -.71 
1969 -c55 -«58 -.47 -.59 -.93 -.21 .52 
1970 -C# -,74 .34 -.31 
-.75 -c62 .50 -.70 
1970 -.93 -.98* -066 -.76 -.10 -.94 -.95* -.99** 
1970 -.72 
-.39 -.55 .05 .31 -.05 —.46 -.54 
1969 -.71** -,71** 
-.75** -.70** -.79** -,26 -.03 
1970 
-.79** -.71** -.47* -.44* -.33 -.59** -.11 -.29 
a^nd ïelrs^ ^^  ".68** ,03 -.73** -.53** -.85** -,39* -.02 
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3» Exposed surfaoe area 
Internal exposed surface area of the cell walls also vas estimated 
for the different tissues within the leaf (Table 23) • In 1969» as noted 
before, the paravelnal and spongy layers were thought to be only one 
layer, the spongy mesopbyll, and hence, were combined. There were sig­
nificant varietal differences in spongy parenchyma exposed surface area, 
Sg, Upper palisade exposed surface area, S^ j, was significantly different 
among varieties in 19701 but not in 1969o In neither year was surface 
area of the lower palisade layer, Sj^ , different among varieties» Total 
internal cellular surface area, Sg,, was not different among varieties. 
Ratio of surface area of each cellular layer to total internal surface 
area differed among varieties in 1970, but only proportion of upper pali­
sade differed in 1969» In general, there seems a correlation between 
photosynthetio rats and surface area of the various tissues separately 
and in total, though the relationships were poorer and not statistically 
significant in 1970 (Table 24). The correlation of exposed surface area 
with rj^ p was of about the same magnitude as with P32O'' 
The total internal exposed surface area. Sip, was higher in 1969 than 
in 1970. Sg was largely responsible for this variation. Total exposed 
surface area increased during the season both years, but more markedly 
in 1969. 
Each palisade layer contributed about I/3 cf the exposed surface area 
and the spongy and paravelnal together contributed the other I/3 of the 
total area. In I969» the upper palisade contributed the most, whereas in 
1970, the lower palisade area was slightly greater. Table 23 also 
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Table 23, Mean exposed stirface area of upper palisade tissue (Sy), lower 
palisade tissue (S^ ), paraveinal tissue (Spy), spongy meso-
phyll tissue (Sg). total exposed surface area wr thin the leaf 
(Sq») , proportion of exposed surface area of each tissue to the 
total and ratio of exposed surface area to external surface 
area (Sg) of four leaves per variety per year 
Variety Year Su SL Spy ss S^  
Su SL 





























































































X 8.1 6.7 18.7 .41 .35 
•^ •Significant varietal variation (P<0,10)o 
•Significant varietal variation (P<0,05)o 
13^  
Table 23, (Contâmied) 
Variety Year 
Sp7 ss Su SL 
SE 
Spy Ss Sj 
Sj Sip SE SE SE SE 
Corsoy 1969 .25 4.9 2,9 2,6 10,4 
1970 ,06 .27 2.2 2,4 .45 2.0 6,9 
X 3c5 2.7 8.7 
Amsoy 1969 .27 4,1 3.2 2.6 9.9 
1970 ,04 .29 2.7 3.0 .33 2,6 8.6 
X 3.4 3.1 9.2 
Hawkeye 1969 ,24 4,0 2.7 2,1 8,8 
1970 .04 .22 2.9 3ol .30 1.7 8.1 
X 3o5 2.9 8.5 
Richland 1969 .17 3.8 2.5 1,2 7.5 
1970 .04 ,22 2ol 2.6 ,27 1,4 6,4 
2 2.9 2.6 6.9 
Provar 1970 ,08 .16 1,8 2.6 .43 1,0 5.8 
Idndarin 1970 ,05 ,21 2.8 2.5 •40 1.5 7.1 
Means 1969 .23 4,2 2.8 2,1* 9.2 
1970 ,05* ,23* 2,4*' 2.7 .36 1.7» 7.2 
X 3.3 2.8 8.2 
presents the ratios of internal exposed surface area of the various tis­
sues to external surface area (both sides) of the sample» 13iere •was 
approximately eight times as much internal exposed surface area as exter­
nal surface area. Varieties were not significantly different in this 
character* Significant varietal differences in ratio of upper palisade 
(1970 only) and spongy mesophyll area to external surface were demon­
strated. 
Table 24* Simple correlation coefficients with exposed surface area of various tissue layers 
between individual observations within and among varieties for two years, and 
among varieties and years 
3^20 
Variety Year 
SL Spv Ss Sj 
Corsoy 1969 o76 .38 .68 067 
1970 062 -.46 .25 .54 .44 
Amsoy 1969 .76 .62 -.88 -.13 
1970 .89 o95* -1.00** .72 .91 
Hawkeys 1969 .06 •65 I 0
 
.69 
1970 .74 .72 
-.35 -.46 .63 
Richland 1969 0 6 6  
.77 .66 .78 
1970 -.84 .30 .56 .56 .33 
Provar 1970 .38 .51 .24 .29 .43 
Lindarin 1970 ,19 .28 .44 
.77 .37 
Among Varieties 1969 .69** .41 
.73** 
1970 .12 .25 .35 .35 .32 
Among Varieties 
and Years .17 .44+ .43* .44* 
•Significant (P<0o05)o 
••Significant (P<0.01), 
Table 24c (Continued) 
Variety Year 
^mr DAY 
Su SL Spy Ss 
Corsoy 1969 




.35 -.07 -.27 .79 
Ainsoy 1969 ~o70 -,69 .89 .11 -.15 
1970 -.92 -1.00** .99** —,82 -.98* .65 
Hawkeye 1969 -*83 
-.59 .07 -,64 -.74 
1970 .15 -o76 .80 -.52 -.49 .31 
Riohland 1969 -.20 -,50 -,66 -.42 .90 
1970 • 56 -.68 
-.72 -.52 -.66 .33 
Provar 1970 -.50 -.64 -•34 -.43 -.56 .76 
Lindarin 1970 -.60 -,18 .51 -.08 -.32 -.96* 
Among Varieties 1969 -,68** -060* -.21 -.64** .54* 
1970 -0I9 -.34 
-.25 -.47* -.43* .25 
Among Varieties 
and Years -.75** 
C
O
 0 1 -.41» -.68** 
.55** 
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4. Intercellnlar stace 
Varietal differences in total intercellular space were present in 
1970 (Table 25) • The variation was largely a result of upper palisade 
layer and spongy mesophyll intercellular space variation. In general, 
the volume of intercellular space was correlated with P320» corre­
lation was highest in I969 (Table 26) „ The sum of 1 aminar and stoma ta 
resistance was weakly negatively correlated with volume of intercellular 
space, Mesophyll resistance was more highly negatively correlated with 
Vg, than r^  ^+ rg. Volume of intercellular space was higher in I969 
compared to 1970# This was largely a result of more intercellular space 
in the palisade layers in I969. Intercellular space increased during the 
season of 1969, but not in 1970# 
Leaves in 1969 were about 40$S intercellular space, but only 255^  in 
1970 (Table 25) ; these estimates are mi ni mal since V^ x was estimated by 
1.21 X 10^  p^ 'Tg rather than Vgy + Vtct. + V^ py + ygg. Elizabeth ^  alo 
(27) have found Merit soybeans, grown under 27#5/22.5°C (day/night) and 
high light (220 W/m2), to exhibit 50)5 intercellular space. The palisade 
layers had a higher portion of intercellular space in 1969—i#®#, they 
were probably less dense in 1969# The spongy mesophyll seemed to have the 
highest percent of intercellular space. All the tissues, in fact, 
possessed an appreciable amount of intercellular space. 
5, Cellular volume 
Total cellular volume of the leaf sample, Vqj, was lazier in 1969 
than 1970 (Table 2?). There was no significant varietal variation in 
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Table 25. Mean volume of intercellular space within the upper palisade 
tissue (V%j), lower palisade tissue (Vj^ ), paraveinal tissue 
(Vpv), spongy mesophyll tissue (Ve) * total internal inter­
cellular space -within the leaves tVi), and ratio of volume 
of intercellular space to total volume for various tissues 
(Vu/VeU, Vl/Vel, Vpy/Vgpy, Vg/Vgg, V /^Vet) of four leaves 
per variety per year 
Variety Tear % VL VfV Vs 
Corsoy 1969 31.4 31.0 30.6 93.0 
1970 17.5 22.8 8.6 32.% 81.2 
X 24.5 26.9 87.1 
Amsoy 1969 25 06 27 08 29.2 82.4 
1970 19.4 24.0 5.8 34.7 84.0 
X 22,5 25.9 83.2 
Hawkeye 1969 25.4 26,5 27.4 79.2 
1970 19.3 20.7 5-5 26.2 71.5 
X 22,4 23.6 75.4 
Richland 1969 27.2 22.8 24.1 74.0 
1970 15.2 18.0 5.1 22.6 61.0 
X 20.2 20.4 67.5 
Provar 1970 11,4 18.0 6.6 19.5 55 06 
Lindarin 1970 20.7 22,2 7.1 25.9 75.9 
Means 1969 27,4 27.0 27.8 82.2 
1970 17.3** 21.0 6.5 26.9+ 71.5* 
X 22.4 24.0 76.9 
"^ Significant varietal variation (KOdO), 
•Significant varietal variation (P<0o05)o 
••Significant varietal variation (P<OoOl)o 
Table 25, (Continued) 
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Variety Year 
% VL Vpy % VT 
VEU VEL VEPV Yes VgT 
Corsoy 1969 «48 061 o44 .37 
1970 
.39 o54 .49 ,66 .23 
X .44 .58 ,30 
Amsoy 1969 .46 O56 ,42 .36 
1970 .43 .52 «43 .62 .25 
X .45 .54 .31 
Hawkeye 1969 o50 .57 .46 .43 
1970 .42 .44 .43 .63 .28 
X .46 .51 .36 
Rich] and 1969 
.52 .57 .45 .44 
1970 
.39 .45 .49 .6? .26 
X .46 .51 .35 
Provar 1970 .27 .43 .41 .70 .17 
Lindarin 1970 .50 .54 .46 .70 .28 
Means 1969 .49 .58 .44 .40 
1970 .40** .49 .45 .66 .25* 
X .45 .54 .33 
total leaf cellular volume. Volume of cells in the spongy layer was 
significantly different among varieties in 1970* but other layers were not 
different among varieties either year. Each palisade layer comprised 
about 1/3 of the total cellular volume, and the paraveinal and spongy 
layers the remaining I/3 of the cellular volime, Elizabeth ^  (2?) 
found that Merit soybeans grown under 27.5/22.5°C (day/night) and high 
light (220 W/m^ ), consisted of 3~4 layers of palisade cells, and 2/3 of 
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Table 26, Simple correlation coefficients with volume of intercelli0.ar 
space within various tissue layers between individual obser­
vations within and among varieties for two years and among 
varieties and years 
3^20 
Variety Tear 








































































Table 26. (Continued) 
Variety Tear 
+ rg m^p DAY 
























































































and Years .34 .27 -.06 .07 -.65»* ,47** 
the oellular volume was palisade tissue •sdaile l/3 was spongy mesophyll. 
In general, total celltilar volume was positively correlated with net 
photosynthesis (Table 28) • Mesophyll resistance was negatively corre­
lated with cellular volume in about the same degree. Each tissue layer 
seemed about equally correlated to P^ 20 rj^ p. Total cellular volume 
increased during the season in 19o9» but not in 1970. C^T sunong varieties 
was only weakly, negatively correlated to r^  + rg (correlations among 
varieties and years involve variation of r^  + rg between ^ ars). 
6, Surface to volume ratio 
Exposed cellular surface area to cellular volume of the various 
tissues within the leaves also was calculated. The total surface/volume, 
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Table 27, Mean cellular volume -within the upper palisade tissue (Vcg), 
lower palisade tissue (7(3,), paraveinal tissue (Vcpv), spongy 
mesophyH tissue (Vcs) » and total internal cellular volume 
•within the leaves (Vcx) of four leaves per variety per year 
Variety Year Vcu VCL Vcpv Vcs 
Corsoy 1969 34.8 20.2 39.5 94,5 
1970 27.2 19.9 9.4 17.8 74,2 
3c 31.0 20.1 84.4 
Amsoy 1969 29.2 21.9 40.0 91.1 
1970 26.0 23.0 8.0 20.9 77.9 
X 27.6 22c5 84.5 
Hawkeye 1969 26.1 19.3 32.3 77.7 
1970 26.7 26.5 7.1 15.2 75.5 
X 26.4 22.9 7606 
Richland 1969 24.7 18,3 28.9 71.9 
1970 23.8 22.2 5.7 11.1 62.8 
X 24.3 20.3 67.4 
Provar 1970 32.2 25.1 9.7 8.4 75.4 
Lindarin 1970 20.9 19.3 8.3 11.0 59.4 
Means 1969 28.7 19.9 35.2 83.8 
1970 26.1 22.7 8.0 14,1» 70.9 
X 27.4 21.3 77.4 
1969 'was calculated from vaiâetal means and not analyzed 
statistically. 
•Significant varietal variation (P<0o05)o 
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Table 28. Simple correlation coefficients with cellular volume within 
various tissue layers between individual observations within 
and among varieties for two years and among varieties and 
years 
Variety Year 
C^D C^L C^PV C^S VcT^  
Corsoy 1969 .71 .46 .30 .53 
1970 -q54 -o74 .47 .52 —.06 
Amsoy 1969 .38 .81 .25 .53 
1970 .86 .95* -.84 .80 .96* 
Hawkeye 1969 .87 .47 .91 .53 
1970 .33 .62 -.43 -.44 .27 
Richland 1969 .09 066 .30 -.11 
1970 .11 .24 .66 .50 .40 
Provar 1970 .43 .59 .45 .32 .49 
Lindarin 1970 .06 .25 .11 .70 .29 
Among Varieties 1969 .59* .53» .52* .5# 
1970 .40* .21 .42* .40* .49» 
Among Varieties 
and Years .40* .36* .09 .12 
V^q.j for 1969 employed in calculations rather than Vqû * Vqt + 




Table 28» (Continued) 
Variety Tear 
DAT ra+is 
Vcu VCL VcPV Vcs VcT^  VcT^  Vc a^. 
Corsoy 1969 -.90 -.69 
CO 
-.76 1.00** .67 
1970 .42 .53 -.31 -.33 .17 .29 -.81 
Amsoy 1969 -,36 -.76 -.06 -.75 .99»» -.31 
1970 —,81 -.99»» .76 —.87 -1.00** .57 .59 
Hawkeye 1969 —«83 -.39 -.92 —.46 .79 .24 
1970 -.45 -.58 .86 -.78 -.59 .56 ,06 
Richland 1969 -.56 -.31 -.79 -.31 .21 .44 
1970 -.31 -.62 -.88 -.47 -.65 .24 -,01 
Provar 1970 -«56 -.71 -.57 -.46 -.62 .78 -,43 
Lindarin 1970 -.73 -.52 -.30 -.08 -.51 -.94 -.43 
Among Varieties 1969 -.75** -.48 -.65»* -.5^ .46 —.14 
1970 -.42* -o26 -.39 -.52»» -.56** .09 -.16 
Among Varieties 
and Tears -.55** -,04 -.84*» -.75»» .50»» .54*^ 
^t/^ CT» th® cells was slightly higher in I969. There were varietal 
differences m 19?0 on S.j./VQ.j.j arid (Table 29). Provar 
had the lowest surface to volume ratio of the cells, Paraveinal tissue 
exhibited the lowest surface to volume ratioso 
Surface to volume ratios were not consistently correlated with 
(Table 30) or r^ p. Varietal variability in simple correlation coeffi­
cients was high. There was no consistent correlation of surface to volume 
ratios with s^» ^  Tr. There were no consistent trends in 
over the season* 
Table 29, Mean exposed surface area to cellular volume ratios within 
the upper palisade tissue (Sy/Vcn)» lower palisade tissue 
» paraveinal tissue (Spv/Vcpv)» spongy mesophyll 
tissue (Sg/Vgg)t and total exposed surface area to cellular 
volume within the leaves (S^ /Vgg,) of four leaves per 
variety per year 
Su SL Spv Ss S^  a 
Variety Year 
Vcu VCL VcP7 Vcs VCT 
Corsoy 1969 c35 o35 .17 .27 
1970 .20 .30 .12 .27 .22 
X .28 
.33 .25 
Amsoy 1969 .34 .35 .16 .26 
1970 .25 .32 .10 .29 .26 
X .30 ,y^ r .26 
Hawkeye 1969 .37 «36 .16 .28 
1970 .27 .28 .10 .28 .26 
X .32 .32 .27 
Richland 1969 .38 .34 .11 .25 
1970 .22 .28 .12 .31 .25 
X .30 .31 .25 
Provar 1970 .13 .26 .11 .28 .18 
Ldndarin 1970 .32 .33 oil .34 .29 
Means 1969 .36 
.35 .15 .27 
1970 .23»» .30 .11 .30^ ,214** 
X .30 .33 .26 
for 1969 was calculated from, varietal means and not 
analyzed statistically. 
•Significant varietal variation CP<0o05). 
••Significant varietal variation (P<0,01)» 
Table 30# Simple correlation coefficients with exposed surface area to cellular volume ratios 
within various tissue layers between individual observations within and among varieties 
for two years and among varieties and years 
P32O 
Variety Year 
Su/Vcu Sl/Vcl Spv/Vcpv ss/Vcs sf/vct^ Su/Vco sl/Vq 
Corsoy 1969 -«10 ".85 .12 .59 .38 .88 
1970 .63 .77 -.92 .59 .77 -.47 —.61 
Amsoy 1969 .51 "ol4 -.73 -.53 -,50 -.15 
1970 ,63 ".93 .15 .26 .74 -.79 .95* 
Hawkeye 1969 009 •"«02 -.49 «12 -.11 —«06 
1970 .24 .07 .55 «24 «56 «81 -.20 
Rlohl^ nd 1969 .69 .41 .14 .75 «40 -«70 
1970 -.28 •-.06 -.^1- .03 -«40 .36 «32 
Provar 1970 -.24 •-.91 -.40 -«61 -.89 .37 .97* 
Lindarin 1970 .49 •-.16 .43 -.74 .06 .96* 00
 
Among Varieties 1969 .12 .10 .10 .08 «28 -0I6 
1970 -«18 .01 -.22 
-.37 -«26 0I5 -.05 
Among Varieties 
-O21 .02 .23 -.52** -.53*^  and Years .27 
®Vcï for 1969 employed in calculations rather than Vqu + Vq  ^+ ^ CPV C^S in 1970 0 
•Significant (P<0ç05), 
••Significant (P<0.01). 
Table 30» (Continued) 
Variety Year 
r^ar DAY J^ a + rg Tr 













































































.71** c45** -.17 -060»» -ol3. 
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V, DISCUSSION 
A. Net Photosynthesis as Influenced by Test Conditions 
Short and long term effects of environment on net photosynthesis are 
required for interpretation of resultso Several important short term 
effects (while testing) on net photosynthesis are as follows: light 
quantity and quality, winds peed, carbon dioxide concentration, leaf tem­
perature, and H2O vapor pressure gradient between the leaf and the atmos­
phere. 
Light-response curves were performed with two different light 
sources. An incandescent light source filtered by distilled water gave 
an indication that the photosynthetic process was saturated for most 
leaves at 67OO ft-c or 30 x 10^  ergs»sec~^ »cm~^  (400-700 nm), In 1970» 
the same light source filtered by a 10~2 CuSC^ j, solution exhibited near 
saturation at 815O ft-c or 26 x 10^  ergs • sec~^ * cm~^  (400-700 nm) • These 
light flux densities compare to about 49 x 10^  ergs«sec~^  (400-700 nm, 
11,300 ft-c) for the sun. Various researchers (8, 13, 21, 57» 5S, 59» 
60) have reported light saturation for single soybean leaves and seedlings 
to be from 2,500 to 4,000 ft-c under varying experimental conditions and 
plant material. Data published by Kuniura (59» 60) indicates that some 
leaves are not saturated at % kilolux (3»700 ft-c). Previous work (22) 
seemed to indicate that light saturation was a function of the photosyn­
thetic rate, higher light saturation, and higher photosynthesis occurring 
later in the season. The high photosynthetic rates reported here sub­
stantiate the higher light flux density required for saturation of the 
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photosynthetic process. This is also confirmed by research with single 
leaves in a normal canopy and widely spaced plants without branches (5). 
Those results indicated that leaves of spaced plants possessed a much 
higher photosynthetic rate and were not light saturated at 15,000 ft-c. 
The normal field-grown canopy plants were light saturated at 10,000 ft-Co 
Thus, it is obvious that the Ughi. saturation level depends on the plant 
material and conditions of growth. 
The effect of windspeed within the chamber is often tested by 
changing the flow rate of air into the chamber and then measuring its 
influence on net photosynthesis. This method is difficult to interpret 
because changing the flow rate also changes other environmental parameters. 
In 1970, a better test was performed by varying the chamber fan speed» 
This test indicated there was need for a fan for internal turbulence and 
that the fan employed gave optimum turbulence. Tests in 1968 and 1969 
indicated optimum flow rates only, A windspeed of 138 cm/sec seemed to be 
sufficient for net photosynthesis of the soybean leaves tested. 
Defining the level of carbon dioxide in the atmosphere is also 
essential for comparison of laboratory research work with field conditions. 
Earlier work (22) indicates that there is a very linear relationship 
between net CO2 exchange and CO2 level in the atmosphere for CO2 levels 
in the range 0 to 300 ppm CO2. (Normal atmosphere is approximately 
320 ppm CO2.) Net CO2 exchange began to exhibit a curvilinear trend at 
400 ppn CO2. However, Brun and Cooper (I3) have shown with growth 
chamber soybeans that net CO2 exchange was linear with CO2 concentration 
up to 700 ppn, or twice that of the atmosphere. The difference in 
150 
results of the two researchers Is believed a consequence of difference in 
plant material. 
To determine varietal potential it is important to know the response 
of that variety to temperature # In 1968, the optimum temperature for 
the leaves tested was 30 to 40°G<, Optimum temperature was less than 35°C 
in 1969. These tests were not made under steady state conditions, and 
hence, one might expect the optimum to be lower if leaves were tested 
under steady state conditions for a significant length of time» Jeffers 
and S bibles (5I) report an optimum air temperature of 25 to 30°C for net 
photosynthesis of an Amsoy soybean canopy. It has been reported (37) 
that soybean seedlings show little response of net photosynthesis to 
temperature from 15 to 30^ 0, although slight depression occurred in the 
range 26 to 30°C, Research data is insufficient to say whether varietal 
differences exist for optimum temperature for the net photosynthetic 
process. There is also some question as to what actually is the mean 
optimum temperature for soybeans. 
Simple correlation coefficients between P32O ^ Jid leaf temperature 
were -0.44 and -0.19 for I969 and 1970. These negative correlation 
coefficients indicate that leaf temperature may have been too high both 
years, but especially in I969. 
Net photosynthetic response of the soybean leaves to vapor pressure 
deficit of the air (VPDA.) has been little studied<, In 1968, it was shown 
that net photosynthesis was unaffected by a VPDA. of from 7.5 to 11.0 mm Eg. 
This test was with only one leaf, and the research leaves encountered 
mean VEDA, of 16.5 mm Eg in I969* Stevenson (95) has reported a positive 
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correlation between H2O vapor pressure deficit of the air and leaf 
resistance to H2O diffusion. His results would imply there is a possible 
relation between VPDA. and net photosynthesis which is mediated via CO2 
diffusion resistance, since results of research herein indicate some 
stomatal control of net photosynthesis» It is considered possible that 
the high VPDL in I969, 21 mm Eg, may have limited wn-yiTmim expression of 
photosynthetic rate. Simple correlation coefficients of -0o53 and -0o27 
between VPDL and P320 during I969 and 1970 indicate that the VPEL may 
have been too high for optimum net photosynthesis in I969 and 1970» 
Hawkeye was the only variety in 1969 that did not show a significant 
correlation of P32O with VPDL, but in 1970 Hawkeye and Richland were the 
only varieties that did show a significant correlation of P32O "wi-th VPDL» 
Bo Net Photosynthesis as Influenced by Leaf Age, 
Leaf Position, and Stage of Development 
Optimum age of leaves for nwxi.ïïnim photosynthesis was briefly inves­
tigated for four varieties in 1969» The leaves tested seemed to have a 
broad range of age for 7naT3.Tmim net photosynthesis « In summary, wtTrinrnw net 
photosynthesis does not occur exactly at full expansion, but from about 
two to six days after full expansion» This result agrees quite well with 
that of research with soybean variety Norin No, 2 (79), where TnaTrinrnm 
net photosynthesis was present from time of full leaf expansion to about 
one week after. 
As discussed in the results, net photosynthesis, in general, increased 
during the season. The seasonal response was much greater in I968 than in 
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1969 or 1970, This seasonal trend confirms earlier work (60, 6I) that 
net photosynthesis for single leaves increases with the rise in position 
of the leaves on the TWAjn stem. Leaves from branches also have been 
reported to have lower photosynthetic rate than those on the main stem 
(60, 61), Position on the branches has also been shown important, the 
upper, more sunlit leaves having the highest photosynthetic rate (60) » 
Isogenic (except for pubescence type) lines of Clark have shown a con­
siderable increase in net photosynthesis (173-22055) between flowering and 
pod-filling stage (41). This type of response was reported earlier from 
the 1968 work (23); however, it was not evident in I969 or 1970. Hansen 
(43) reports mean single leaf net photosynthetic rates for field-grown 
Corsoy soybeans (adjusted for light intensity, leaf temperature, and r^  + 
rg) plants were 42, 34, 3^ , and 45 mg CO2 dm""^  hr~^  for the four weeks 
during August of 1969» Increase in net photosynthesis during the season 
may be, in part, a result of demand for carbohydrate by the pods or some 
other control(s) of photosynthetic rate. 
The confounding effects of plant age (stage of development), leaf 
age, and leaf position on the main stem make the interpretation of sea­
sonal trends in leaf net photosynthesis very difficult» In 1968, P^ 20 
seemed to increase up to August 14-18, after which time the leaves 
became older with further testing0 If it is assumed that leaf age was 
not responsible for the increase in P^20 P^^or to August 14-18, then P320 
trends, at least in part, may be due to leaf position and/or stage of 
plant development» After August 14-18, the leaf position on the main 
stem would not be a factor in P320 trends, but leaf age and stage of 
plant development may be. 
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C« Varietal Difference in Net Photosynthesis 
Varietal differences in net photosynthesis of soybean leaves have 
been reported many times (12 , 21, 22 , 23 , 24, 52, 78, 8l) <, A relation­
ship between several researcher's findings is presented in Figure 22, 
There is little or no relationship between the common varieties of the 
researchers and the relative photosyntheti c rates obtainedo There may 
be a slight positive correlation between the four common varieties of 
Domhoff and S bibles (23) and Ojima et ale (8l) o If there were more 
varieties in common between these two groups of researchers a statisti­
cal test could be applied. It is obvious that there is no relation 
between the data of Curtis et (21) and Domhoff and Shibles (23) » 
Perhaps, the fact that Curtis et al« (21) used seedlings grown in growth 
chambers changed the photosynthetic potential of these varieties compared 
to those field-grown, 
A study of verification of varietal differences in net photosynthesis 
under differing environments has been reported (78) » It was found that 
the magnitude of P30O changed with environment, but varietal rankings 
remained the same. These results were not confirmed by the three year 
study of four varieties reported herein. It has been postulated that the 
lack of varietal differences in 1969, at least in part, were a result of 
environment during growth and not during testing. In essence, it appears 
that environment has affected the relative ranking of the varieties in 
this research, but possibly not that reported earlier (78), 
The above discussion indicates there is a serious question as to the 
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varieties in different environments. It appears that further research 
needs to be done in this areas 
D, Net Photosynthesis as Influenced by Respiration 
Photorespiration (light respiration) in soybeans has been studied, 
by several researchers (l4, l6, 21, 22, 23» 35» 53» 6?» 73)« Reported 
literature indicates that soybeans evolve a significant amount of COg 
in zero-CO^  atmosphere and light, and they have a relatively high CO2 
compensation concentration (P). Research herein reported, gives a P of 
36-67 ppm for the twenty-two varieties examined. d.uring three years. 
Numerous researchers (I6, 21, 35» 67) report values of P from 30 to 73 
ppm COg. Soybean P is relatively high compared, to that of maize, for 
example (P = 0 ppm), which seems to lack aH indicators of photorespira­
tion in significant magnitude to affect net photosynthesis. 
Since it is possible that all method.s of estimating photorespiration 
give und.erestimates of varying degree, it is difficult to assess the 
proportion of true photosynthesis which is utilised, in light respiration. 
Research reported herein gives a minimal estimate of 29$&—i.e<,, 295^  of 
tme photosynthesis is utilized, in photorespiration, R^  (Table 6). CO2 
evolution in light and zero-C02 atmosphere (R^ ) gives an estimate of 173& 
(7.6 X 100/(7.6 + 38.0)) for proportion of true photosynthesis utilized in 
photorespiration. Other research (21) indicates a possible 1^  is 
attributable to pihotorespiration (R^ ) in 36 varieties of soybeans. Comet 
soybeans exhibited 135& of true ^ otosynthesis utilized, in photorespira­
tion, Rq (35) # It is believed, that the figure of 305^  reported herein is 
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more accurate, since Rq is a better though minimal estimate of light 
respiration (89). 
The relative magnitude of light respiration (R©) compared to dark 
respiration of Comet soybeans is 1.5 = 6/4 (35)» The ratio of photo-
respiration (Rq) to dark respiration may be estimated as 4.2 = 7.6/ln8 
for this research (Figure 4 and Table 6)0 This value of 4.2 may be in 
error because the testing conditions were not the same for dark and light 
respiration. Dark respiration was determined at lower leaf temperature, 
lower humidity and at higher CO2 (320 ppn) . Dark respiration of Wayne 
in the field at 32®C was 6,8 mg CO2 dm*"^  hr"^  (52) 0 This higher rate of 
dark respiration gives 6.8 x 100/(6.8 + 22.7) = 2^  of true photosyn­
thesis. The research reported herein gives 1.8 x 100/(1,8 + 38.0) = 
4.55^ 8 Japanese research indicates similar results (1.5 z 100/(1.5 + 
22.5) - 6.236) for the portion of dark respiration of true photosynthesis 
(79) c 
Varietal differences in various estimates of photorespiration have 
been reported (I6, 21). Results in Table 6 indicate that R^ , R^ , and 
are sometimes significantly different among varieties. Generally, Rq and 
R(j are positively correlated with Positive correlations have also 
been reported for P-^ 20 with dark respiration (52, 78, 79)« Thus, it 
seems that the higher the net photosynthetic rate, the higher the light 
and dark respiration. Perhaps a higher photosynthetic rate provides more 
substrate available for respiration or better yet, perhaps high net photo­
synthesis is accompanied generally be a more favorable metabolic state of 
the leaf (or piLant). Thus, low light respiration may not be a desirable 
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character to select for in soybean lines, since photorespiration may not 
be an entirely wasteful process, CO2 compensation concentration (P) seems 
negatively correlated to net photosynthesis (Table 8) and little differ­
ences in P for soybean varieties has been reported (16, 21) « If variation 
exists in r, then perhaps this would be beneficial as a selection index 
for ?320* but variation evidently does not exist in significant magnitude 
(16). 
In essence, there exists not only a question of what is the net 
photosynthetic and light respiratory rates of different soybean genotypes, 
but also the ratio of light respiration to net (or true) photosynthesis# 
E, Net Photosynthesis as Influenced by Anatomy and Diffusion Resistances 
1. Leaf stomata 
As pointed out in the literature section, it is often said that 
photosynthesis of crop plants is chiefly limited by carbon dioxide» This 
limitation usually is thought a consequence of a physical resistance to 
diffusion of CO2 from the atsiosphsrs above the canopy to the site of 
fixation in the leaf. Resistance due to the atmosphere (external to the 
leaf), r^ , generally is found quite low in magnitude relative to other 
resistances, r^  was about 1,0 sec/cm (195^  of Ir^ ) for the soybean leaves 
tested in this research. As mentioned previously, this estimate may be 
high. An r^  of 1,1 sec/cm was reported for Lee soybeans (28). This r^  
of 1.1 was 1^  of the total resistance to CO2 diffusion (Jr© ~ 9«3)o 
Stevenson (95) reports a value of 0.77 sec/cm for soybeans using the 
"linacre" technique of measuring (involves the measurement of leaf 
temperature changes after the leaf is shaded) of leaves in the field. He 
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also gives a value of 0,06 sec/cm which was derived from an energy 
balance eqiiation» Stevenson concludes that an r^  = 0.77 sec/cm for 
H2O diffusion is unreasonably large0 This would be an r^  ^value of 0,77 
(1,56) = 1,2 for CO2 diffusion. In view of the fact that Stevenson's r^  ^
for soybeans is believed to be less than lo2 sec/cm and the r^  ^reported 
in Table 9 are probably too large, it may be postulated that rg, is less 
than 1,0 sec/cm, or less than 195^  of the total assumed resistance to CO2 
The next physical resistance encountered by CO2 is rg or resistance 
to diffusion of CO2 from the external surface of the leaf to the surface 
of the mesophyll walls, rg includes resistance of the epidermal surfaces 
of the leaves. Under normal conditions the resistance of the cuticle is 
probably quite high, hence most CO^  enters via the stoma ta, 
Stonatal resistance, r^ , is generally larger than r^ .^ The mean 
stomatal resistance was 1,4 sec/cm for the three years. This compares 
to an rg of 2,7 for Lee (28), In this research, rg accounts for of 
the total resistance, ^ r^ , and r^  ^+ rg account for For Lee (28) rg 
is 295^  of JrQ, and r^  ^+ rg account for 41^  of ^ r^ . Thus, 40-^ 0$^  of the 
resistance to net photosynthesis is probably a result of physical resist­
ances to CO2 diffusion of the atmosphere, stoma ta apertures and frequen­
cies, and intercellular space within the leaves, Boyer (9) found r^  ^+ rg 
of 2 sec/cm and a %rp of 5 sec/cm for Harosoy soybeans. His estimate of 
rg^  + rg is 403É of ^ p$ and hence, it closely approximates the results of 
this research, 
Stomatal diffusive resistances were highly correlated with net photo­
synthesis of soybeans all three years. Varietal differences in rg and 
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r + r also indicate r is a possible cause for varietal differences 
as s  ^
in P^ 20* Thus, physical resistance of stoma ta accounts for some of the 
en^ ronmental and genetic variability in P320 'und.er these conditions of 
testing. As indicated, in the results, r^  + rg accounted, for 22 and 1!^  
of the variation in P|j20 ^  19^ 9 and 1970= There was also a large amount 
of variability in P32O accounted, for by r^  ^+ rg and r^ p conÈnined. (Table 
12), In 1969 f + rg seemed to be regulating P320 more than r^ p, while 
in 1970» the reverse was true. 
Observations of stomatal anatomy have, in general, confirmed, the 
above conclusion of stomatal control of photosynthesis0 Stomatal 
apertures and d.ensities were often correlated among varieties to photo-
synthetic rateJ the highest correlations were for 1969# Laminar plus 
stomatal resistance to CO2 diffusion generally was negatively correlated 
with stomatal apertures and densities. The positive correlation of P32O 
with .«r-^ omatal anatomy, the negative correlation of r^  ^+ r^  with stomatal 
anatomy, and the negative correlation of P^ 20 "with r^  ^+ rg, along with 
the partitioning of sums of squares by multiple linear regression suggest 
a cause and effect relationship for stomatal control of net photosynthesis o 
Statistically significant varietal differences in stomatal apertures 
were present only for width of stoma ta on the adaxial surface (Wg^ )o 
There were varietal differences in density of stoma ta and , but 
they were not related closely to net photosynthetic rate. There seems to 
be only limited, evidence of stomatal apertures and. densities partially 
limiting or controlling P32O among varieties. However, there is a trend 
for the high photosynthesizing varieties to exhibit larger stomatal aper­
tures (primarily and L^ d) than the low photosynthesizing varieties. 
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2, Leaf mesophyll 
The remaining resistance encountered by CO2 is mesophyll resistance, 
which is resistance to CO2 transport from the mesophyll cell "wall to the 
site of fixation. To date, there is no way of completely separating the 
physical and chemical resistances of which r^  ^is composed. It is often 
hypothesized that r^  ^is related to the mesophyll anatomy of the leaves» 
It seems obvious that, if there is a cause and effect relationship 
between DT, TB, and P^ EO* thicker the leaf the more photosynthetic 
machinery there is present. The question that remains unanswered is what 
part(s) of this machinery, besides stomata control, regulates photosyn­
thetic rate. Dimensions of the leaf mesophyll for several varieties were 
examined in attempt to further partition the control of net photosynthesis. 
Partial correlation coefficients for various anatomical features 
were calculated in attempt to elucidate the mechanism of mesophyll control 
of photosynthesis (Table 3I)= Simple correlation coefficients indicated 
a positive relationship between P32O and thickness of each tissue layer. 
However, partial correlation coefficients indicate that leaf thickness, 
TQ, was correlated both years to the thickness of the various tissue 
layers except the lower palisade parenchyma, Ljj. The lack of a positive 
correlation of with T^  suggests that variation in is not related to 
variation in T^ . 
Since total internal exposed surface area, S^ , was not significantly 
different among varieties, S^  would seem not strongly related to varietal 
differences in net photosynthesis. However, simple correlation coeffi­
cients indicate that S^  is positively related to P32O (especially for 
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Table 31. Partial correlation coefficients of net photosynthesis, 
density-thickness, thickness, and diffusion resistances with 
various anatomical characters of individual observations 
among varieties o 16 observations in 1969 and 24 in 1970 
Correlation Tear r 
Tc* LU'LL, I5 1969 0.38 
^c» H 1969 -0.20 
c^»  ^ 1969 0.58 
Tc* % 1970 0.45 
c^* ^ L'%* %V» ^  1970 -0.07 
c^» %V"%» ^L» % 1970 0.47 
c^*  ^ 1970 0.15 
Tg. S],'VT, VQ^  1969 0.02 
TQ, VT'SJ, VQT 1969 0.98 
Tg, VQIP'S-J., VX 1969 1.00 
TH, S^ 'Vj, Vq^  1970 -0.37 
TH, YcT 1970 0.72 
1970 0.73 
DT, SQ«"VQ», Vggi 1969 0.68 
1970 -0.52 
DT, VQJ 1969 0o71 
1970 0.56 
DT, Vqy'S^ I, Vfp 1969 0.64 
1970 0.77 
P320» S^ -V^ p, Vq^  1969 0.46 
1970 0.67 
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Table 31« (Continued) 
Correlation Tear r 
































1969) . Partial corrélation coefficients indicate that S g, is positively-
related to ^ 2^0* i^ olcLing Vq» and constant, ^ Aich implies a relationship 
between Sj and P^ 20 ^ ^^ i^dependent of Vj and More exposed internal 
STirface area would seem beneficial from the standpoint of more CO^  absorp­
tive surface area. Thus, mesophyll resistance should be negatively 
related to S^ , Both years, r^ ,^ exhibited a negative simple correlation 
to S J. However, partial r*s, holding and constant indicate a 
negative correlation in I969 of r^ p with S g» and a positive relation in 
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1970. Hence, it seems photosynthesis is not strongly related to inter­
nal surface area within the leaf mesophyH as a result of + Tg 
exhibited a negative relationship with S^  both years (Table 31) » though, 
the correlation is small» In summary, Sg, evidently is related to P32O 
but the mechanism of this relationship is at present unclear. 
Varietal differences in net photosynthesis seem related to volume 
of intercellular space (Vj), Significant varietal differences in 
were present in 1970, In 19^ 9 9 the high photosynthesizing varieties 
were also higher in relative intercellular space, though varietal 
differences were not statistically significant. Variation in P^ 20 
in varieties was positively related to Vip in I969 and negatively related 
to Vq, in 1970 holding Sj and Vq  ^constant (Table 31)» Photosynthesis 
would be expected to be related to volume of intercellular space via 
r^  + rg, but + rg was not significantly correlated to volume of inter­
cellular space. However, holding Sj and Vqj constant, r^ p^ was strongly 
negatively related to V^  in both 1969 and 1970 « It is not known for 
certain why r^ p^ is negatively correlated to volume of intercellular space. 
If the intercellular spaces are essentially saturated with H2O vapor, 
then by method of calculation, could include part of the resistance 
to diffusion of CO2 within the intercellular spaces. However, it seems 
that the resistance of the intercellular space would be small compared 
to other components of r^ p—the physical and chemical resistances within 
the cells. 
There were no significant varietal differences in cellular volume, 
but in general, the high photosynthesizing varieties exhibited higher 
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Vq^  then the low photosyntheslzlng varieties. Thus, it seems that part 
of the varietal differences in 1*^ 20 be related to cellular volume» 
For 1970, the variation among varieties of P^ 20 related to Vqj 
holding and Vg, constant; while in I969, there was no relationship 
between P^ 20 Vqij»» Evidently, the relationship between P^ 20 C^T 
is related to r^ p^, since r^ p^ is negatively correlated to V^ , holding 
Sj and Vj constant. 
The ratio of exposed cellular surface area to cellular volume was 
not related to P^20' lack of an Sjj/YQQ to P^20 ^l/^CL to P32O 
relationship was expected because diameters of the palisade cells were 
not related to P^ 20' The smaller the cells are the higher the ratio of 
cell surface to cell volume. The lack of a correlation of P^ 20 
S>j>/Vcx implies that there is no advantage of smaller cells with more 
relative surface area» The relationship of Sj/Vqj with P32O ^ s been 
used to partially distinguish between physical diffusion and other bio­
chemical factors limiting P320 ""i-thin the leaf mesophyll (28, 65). 
Since soj^ eans exhibit no relationship between P32O and Sj/Vqij, it might 
be postulated that biochemical factors are chiefly responsible for 
mesopihyll control of net photosynthesis. However, it is believed that 
the S-p/Yq^  to P320 relationship does not necessarily distinguish the 
physical and biochemical factors controlling P32O. Mesophyll control of 
P32O is probably a combination of physical diffusion resistances and 
biochemical factors (many of which were discussed in the Literature 
Review). 
F, Selecting for Net Photosynthesis 
A recent study of and P2 generations of two crosses of soybeans 
indicates that inheritance of net photo synthetic rate in these genotypes 
was of a quantitative natiare (80), Without exception, the F2 generations 
exhibited a normal distribution for net photosynthetic rate. These 
results are not surprising, because net photosynthesis is thought to be 
regulated by several, or even many, processes» 
As discussed in the results section, net photosynthesis was posi­
tively correlated to DT (leaf dry weight/leaf area) «, The simple 
correlation coefficients among varieties were greater than 0.40 all 
three years (Table I6), and the genetic correlation coefficients were 
greater than 0,90 (Table 18) « Because of the high correlation between 
the two variables, DT has been postulated a possible selection index for 
photosjmthetic efficiency (23)• Leaf thickness also was positively 
correlated to P^ 20 1969 and 197^ ^^  (r = 0,43 in I969 and 0,58 in 1970), 
This parameter would be easier to measure than DT, It is believed, how­
ever, that the ^ 2^0"^  ^relationship should be tested thoroughly in the 
field, because differences in leaf water potential may affect the corre­
lation, 
Ojima and Kawashima (78) showed a high positive correlation of DT 
with P32O ^  the first and fourth leaf from the bottom in 1964, The 
correlation was also present for the tenth and twelfth leaves, but was 
smaller and not significant at the 5/^  levels The same type of relation 
was exhibited in their I966 data» In I967, the correlation of P^ OO the 
fourth and sixth leaves with DT also was highly significant. The present 
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research seems to confirm their results. But, there seem exceptions 
to the relationship under low fertility conditions (78) and •with 
populations (80), where the simple correlations of DT-P^ 20 were not 
significant and they were small in magnitude. A more consistent 
correlation of TH-P q^q w&s reported for F2*s than DT-P q^q (80). 
It is believed that selectability for P320 would be similar to 
selectability for yield; it depends on the environment strongly. 
Selection should be performed in the same ecological environment as the 
selected plants are to be grown* Because of the yearly variation in 
environment and its influence on P32O» is believed that selection 
should be made using a large number of plants during several years. At 
present, DT and TH are the best indexes of leaf photosynthesis. 
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VI. SUMMARY 
Net photosynthesis of soybean leaves exhibited varietal differences 
in 1968 and 1970» but not in I969. It is believed that the differences 
among years in net photosynthesis is a result of different experimental 
conditions and different environments under which the plants were growio 
The relative rank±ngs of jhotosynthetic rates of varieties in common 
among different researchers does not agree. Evidently, the photo synthetic 
rate of different soybean varieties is influenced strongly by environment 
during growth and hence, environmental variation may present a serious 
problem in selection for photosynthetic efficiency among Unes of soybeans» 
Net photosynthesis of soybeans was positively related to light 
respiration. Light respiration accounted for an average of 29^  of the 
apparent true photosynthesis, CO2 compensation concentration was nega­
tively related to net photosynthesis, but varietal differences in CO2 
compensation concentration were small. 
Laminar and stomatal resistaiices to CO2 diffusion accounted for 22 
and of the variability in photosynthesis in I969 and 1970» In general, 
stomatal apertures and densities were positively related to photosynthesis 
and negatively related to stomatal resistance to diffusion of CO2» 
Mesophyll resistance accounts for I5 and 535^  of the variability in 
photosynthesis in I969 and 1970» 
Simple and genetic correlation coefficients indicated a strong 
relationship between density-thickness, thickness, and net photosynthesis» 
All experimental evidence indicated that density-thickness was primarily 
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measuring variation in leaf thickness. Leaf thickness and density-thick-
ness are suggested possible selection indexes for leaf photosynthesis. 
Thickness of the various tissues within the leaf (upper palisade 
parenchyma, paraveinal mesophyH, and spongy parenchyma) except thickness 
of lower palisade parenchyma layer were positively related to leaf thick­
ness, In 1969» net photosynthesis was positively related to internal 
exposed cell surface area and volume of intercellular space. In 1970» 
photosynthesis was positively related to exposed surface area and cellular 
volume and negatively related to volume of intercellular space. There was 
no significant and consistent relationship between net photosynthesis and 
ratio of exposed surface area to cellular volume. 
Seasonal trends in net photosynthesis were not reproducible among 
years. The increase in net photosynthesis was postulated a result of 
leaf age, insertion level of leaf on the main stem, and/or physiological 
stage of development of the plant. In general, the seasonal trends of 
other variables could be predicted from their relationship to net photo-
thesis. 
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Table 32. Statistics (degrees of freedom for varieties and error, df; 
ratio of variety to error variance, F; standard error of 
difference between treatment means, sjj least significant 
difference between varietal means (P 0,05)» LSD(.0$); and 
coefficient of variability, CV) 
Variable Year df F ®d LSD(.05) CV 
VPDA. 1969 3,69 1.8 0.73 1.5 15 
1970 5,125 9.4»* 0.31 0.61 16 
VPDL 1969 3,69 Oo7 1.02 2.0 16 
1970 5,125 9.2^ * 0.31 0.61 16 
RH-IN 1969 3,69 0,2 0.75 1.5 10 
1970 5,125 0.5 0.48 0.95 4 
RH-OUT 1969 3,69 4.2^* 1.33 2.7 10 
1970 5,125 11.3** 1.1 0.22 5 
LT 1968 19,266 1.5+ 0.50 1.0 4 
1969 3,69 0.3 0.49 0.98 5 
1970 5,125 ZM 0.13 0.26 2 
A.T 1969 3,69 0.3 0.41 0.82 5 
1970 5,125 1.5 0.13 0.26 2 
P3OO 1968 19,266 6.3** 2.0 3.8 15 
P32O 1969 3,69 1.8 1.8 3.6 17 
1970 5,125 11.7** 1.5 3.0 14 
w^t 1968 19,266 1.7* 4.5 8.8 13 
1969 3,69 0.5 5.5 11 16 
1970 5,125 3.0* 5.6 11 13 
Ro 1968 19,266 i.g 0.6 1.2 30 
1969 3,69 2=3+ 0.52 1:0 20 
1970 5,125 3.3** 0.34 0.67 14 
R 1968 19,117 1.0 56 
1970 5,125 4.1** 0.43 0.95 15 
i-i 1963 19,117 2.1** — — 22 
Rg/^i 
1970 5,125 12.1** 1.7 3.4- 12 
1968 19,117 0.6 — 34 
1968 19,266 1.0 3.4 6.7 24 
1969 3,69 0.3 3.5 7.0 18 
1970 5,125 3.0* 2.0 4.0 13 
Tr 1968 19,117 2.1* — 19 
1969 3,69 2.0 0.15 0,30 13 
1970 5,125 5.1** O0I6 0.32 15 
"'"Significant varietal variation (P<OolO). 
•Significant varietal variation (P<0«,05) » 
••Significant varietal variation (F<0,01), 
&• r s. s- s. ; "! s a w (a 
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1969 3,9 4.0» 16 36 11 
1970 5,15 3.4* 9.9 21 8 
1969 3,9 8.9** 14 32 12 
1970 5,15 3.5* 31 66 17 
1969 3,9 1.9 5.9 13 18 
1970 5,15 0.6 4.0 8.5 16 
1969 3,9 1.6 4.2 9.5 15 
1970 5,15 0.4 5.3 11 20 
1970 5,15 1.7 2.3 4.9 27 
1969 3,9 1.7 7.1 16 19 
1970 5,15 3.4* 6.6 14 27 
1969 3,9 3.6+ 0.54 1.2 9 
1970 5,15 1.2 0.54 1.2 10 
1969 3,9 0.9 0.66 1.5 10 
1970 5,15 2.5+ 0.50 1.1 8 
1969 3,9 0.9 1.7 3.8 24 
1970 5,15 2.6+ 0.92 2.0 22 
1969 3,9 0.8 1.1 2.5 23 
1970 5,15 0.8 1.1 2.3 23 
1970 5,15 2.2 0.16 0.34 26 
1969 3,9 4.8» 0.99 2.2 27 
1970 5,15 3.6* 0.99 2.1 34 
1969 3,9 1.9 3.2 7.2 23 
1970 5,15 2.0 2.5 5.3 21 
1969 3,9 4,1» 0.026 0.059 8 
1970 5,15 2.6+ 0.028 0.060 n 
1969 3,9 1.4 0.022 0.050 10 
1970 5,15 4.5» 0.028 0.060 10 
1970 5,15 3.0» 0.012 0.026 34 
1969 3,9 2.4 0.038 0.086 23 
1970 5,15 3.7* 0.036 0.077 22 
1969 3,9 0.9_ 0.70 1,6 24 
1970 5,15 2.6+ 0.40 0.85 24 
1969 3,9 0.8 0.48 1.1 24 
1970 5,15 0.8 0.44 0.94 23 
1970 5,15 2,2 O.O67 0.14 26 
1969 3,9 4.8* 0.41 0.93 28 
1970 5,15 3o6» 0.40 0.85 34 
1969 3,9 1.9 1.3 2.9 20 
1970 5,15 2.0 0.99 2.1 19 
1969 3,9 0.9 4.3 9.7 22 
1970 5,15 5.5** 2.1 4.5 17 
184 
Table 32, (Continued) 
Variable Year df F ®d I£D(.05) CV 
"l 1969 3,9 0.7 5.8 13 30 
1970 5,15 lui 3-4 7.2 23 
VfY 1970 5,15 2„1 1.3 2.8 28 
Vpv + Vg 1969 3,9 0.8 4.4 10 22 
Vs 1970 5.15 2,6+ 5.0 11 26 
VT 1969 3,9 0.9 12 27 21 
1970 5,15 3.2* 8„5 18 17 
^u/^ EU 1969 3,9 0.3 0.061 0,14 18 
1970 5,15 4.9** 0.049 0.10 17 
^L/^ el 1969 3,9 Ool 0.092 0.21 22 
1970 5,15 loi 0.067 0.14 19 
YFV/VEPV 1970 5,15 Oo9 O0O5O 0.11 16 
(VpY + VS)/(VEPV + VES) 
VS/VES 
1969 3,9 1.2 0.022 0,050 7 
1970 5,15 0.9 0.050 0.11 11 
Vt/Vet 1969 3,9 1.0 0.058 0.13 21 
1970 5,15 4.1* 0.030 0,064 17 
Vcn 1969 3,9 1.3 5.5 12. 27 
1970 5,15 1.6 .^3 9.2 23 
VCL 1969 3,9 0,2 4.4 10 31 
1970 5,15 0,6 5.2 11 32 
^CFV 1970 5,15 1.3 1.8 3.8 31 
VCPV + Vqs 1969 3,9 2.7 4.8 11 19 
VQS 1970 5,15 3.2* 3.8 8.1 38 
Vex 1969^  3,9 8.3** 14 32 24 
1970 5,15 0.9 11 23 23 
1969 3,9 0.8 0,028 0.063 11 
1970 5,15 11.9** 0.026 0.055 16 
sl/Vcl 1969 3,9 0.2 0.035 0.079 14 
Spy/VcFv 
(Spv + Sg)/(Vcpy + Vqs) 
1970 5,15 1.3 0.031 0,066 15 
1970 5,15 loO 0.011 0,023 15 
1969 3,9 1.5 0,031 0.070 29 
%/^cs 1970 5,15 3.2* 0.021 0.045 10 
ST/^ ct 1969^  3,9 0.7 0.040 0.090 21 
1970 5,15 12.6»* 0.015 0.032 9 
used in calculation. 
